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Abstract
Lagomorphs (Lagomorpha), nowdays represented by rabbits, hares (Leporidae),
and pikas (Ochotonidae), are one of the oldest groups of the modern mammals (Mammalia).
Including their direct ancestors, the beginning of this lineage can be traced to the early
Paleocene, so approximately 60 million years ago. Unlike other groups of mammals (e.g.,
primates or tapirs), their morphology did not significantly changed from that time. Due to
their conservative skeletal morphology, similar adaptations appeared in the evolution of
lagomorphs many times, independently in different groups. Therefore, it is hard to
determine the characters resulting from the convergent evolution from the features
restricted to individual lineages. Their conservative morphology also affects the view of
their phylogenetic relationships with other groups of mammals. For years, Lagomorphs
were considered rodents (Rodentia, including, e.g., mice, squirrels, beavers or porcupines).
Some authors considered Lagomorpha as a separate, monophyletic lineage, but this
question was discussed for a long time. Finally, the molecular analysis provided at the
beginning of the XXI century determined the position of lagomorphs in the family tree of
mammals, clearly indicating their separation from rodents. Although the relationships of
lagomorphs with other mammals are now known, the affinities within the group itself are
still unclear. Many of extinct species present a mixture of features characteristic of the two
main lagomorph lineages, Leporidae and Ochotonidae, so only an extensive and multifaceted study of Lagomorpha can provide a reliable reconstruction of their evolutionary
history. Fossil lagomorphs are known mainly from tooth remains, so this study is focused
on the dental features: the changes during evolution in the enamel microstructure and
morphology of the teeth.
Sections of the incisors and cheek teeth from 19 lagomorph species were obtained
in order to follow the changes in their enamel microstructure. The enamel of the incisors
shows that during the evolution of lagomorphs the strengthening the enamel occurred at
least in two ways: (1) through complication of the interlacing of the prisms building singlelayered enamel, or (2) through subdivision of the enamel into two layers and complication
of the prisms within the layers. The presence of single-layered enamel is a plesiomorphic
condition which occurs in the leporids, the diet of which does not contain hard plant
material. This contrasts with the ochotonids, in which the diet includes dry and hard plants,
so strengthening of incisor microstructure to prevent cracking was important for intake of
hard food. The cheek teeth always have double-layered enamel, in which the outer layer
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tends to become thicker and the prisms building it get arranged into decussating bundles
forming irregular enamel, characteristic for modern forms. The appearance of this type of
enamel is associated with strengthening of its structure and happens also in other planteating mammals. It makes the teeth more resistant to the abrasive effects of silica and plant
fibers. Along with irregular enamel, the presence of high-crowned, and rootless teeth
(hypsodonty) is also correlated with the adaptation to such food. Although the hypsodonty
appeared in lagomorphs already in the middle Eocene, it do not co-occurred with the
appearance of irregular enamel. Moreover, it seems that within the Lagomorpha the
hypsodonty appeared a few times independently in various species, dependent on their
inhabited environment. A structure resembling irregular enamel appeared in early Miocene
in the leporid lineage and in the middle Miocene in the ochotonid lineage. The irregular
enamel appeared at least two times in the evolution of lagomorphs, independently in the
lineage of Ochotonidae and in Leporidae.
The abundance of fossilized lagomorph teeth offered an opportunity to study a
large-scale diversification of the cheek teeth. The shape analysis was performed for 7 041
teeth, including extinct and extant lagomorphs. The analysis contains 40 genera of
lagomorphs, which comprise a statistically significant sample to analyze the diversity of
lagomorphs in Europe form the Oligocene to Holocene. The analysed sample includes also
duplicidentates from Asia and North America, what gives an insight into the shape
variability also on the other continenst from Eocene to Holocene. The amount of variation
in extinct Lagomorpha exceeds that seen in the recent genera (Lepus, Oryctolagus, and
Ochotona). The greatest morphological disparity can be noticed in the Miocene of Asia and
Europe. The range of morphological variation in recent taxa is also far smaller in
comparison to extinct species. For all the teeth, the Eocene taxa occupy a different
morphospace than the recent genera. The shape changes in the cheek teeth, enamel
microstructure, and hypsodonty appear to be correlated with the vegetation changes
resulting from global climate changes. In the Eocene, the warmest Cenozoic epoch,
subtropical forests with broad-leaved plants were dominant in the Northern Hemisphere.
At the Eocene/Oligocene boundary the progressive cooling of the climate resulted
expansion of xerophytic shrublands in East Asia and warm-temperate coniferous forests
and sclerophyll woodlands in Europe, but in North America the warm-temperature mixed
forests and subtropical forests were not replaced. Thus, the lagomorphs in Asia developed
secondary shearing blades as an adaptation for feeding on hard pland material, and due to
expansion of such arid areas in the Northern Hemisphere, the ochotonids spread in the early
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Miocene to Europe, North America and Africa. However, in the early Miocene the first
grasslands appeared and expanded in the late Miocene after the middle Miocene extinction
peak, which caused the decrease of lagomorph diversity: extinction of species with rooted
teeth, preferring softer plant material, and decrease of the ochotonid diversity, the diet of
which is restricted to hard plants, not herbs in open areas. In the late Miocene, when the
grasslands expanded, the leporids, which favored open spaces, migrated from North
America to Asia and Europe and differentiated the in the Plio-Pleistocene.
Extinct lagomorphs are usually poorly represented in large-scale phylogenetic
analyses of Glires (the group including both the Lagomorpha and Rodentia), giving an
incomplete view on the relationships within the Lagomorpha. The phylogenetic tree
including 53 lagomorph species is the first attempt at a comprehensive reconstruction of
their interrelationships and evolution. The phylogenetic tree suggests a new classification
of Lagomorpha, so a revision of the recently used taxonomical groups of lagomorphs is
also provided. It shows that the commonly used wastebasket taxon ‘Palaeolagidae’ is
invalid and the species which were classified within this taxon belong in fact to the
Ochotonidae, Leporidae, or the stem. Also, a few genera turn out to be paraphyletic,
indicating that a revision of few lagomorph genera is still needed. The results casts a new
light on the understanding of the relationships and diversification of Lagomorpha from
Eocene to the end of the Miocene.
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Streszczenie
Zajęczaki (Lagomorpha) to jedna z najstarszych grup współczesnych ssaków
(Mammalia). Są one obecnie reprezentowane przez króliki i zające (Leporidae) oraz
szczekuszki (Ochotonidae). Uwzględniając ich bezpośrednich przodków, początki tej
grupy sięgają wczesnego paleocenu, a więc około 60 milionów lat. W przeciwieństwie do
innych grup ssaków (np. naczelnych czy tapirów) ich morfologia znacząco nie zmieniła się
od tego czasu. Ze względu na konserwatywną anatomię szkieletu podobne adaptacje
pojawiały się wielokrotnie w ewolucji zajęczaków, niezależnie w różnych grupach.
Dlatego też trudno jest określić cechy wynikające ze zbieżnej ewolucji od
charakterystycznych dla poszczególnych linii. Konserwatywna morfologia zajęczaków
wpływa również na próby odtworzenia ich pokrewieństwa z innymi grupami ssaków. Przez
lata uznawano zajęczaki za gryzonie (Rodentia, w tym, m.in., myszy, wiewiórki, bobry czy
jeżozwierze), choć postulowano również Lagomorpha jako odrębną monofiletyczną linię.
Wreszcie analiza molekularna przeprowadzona na początku XXI wieku określiła pozycję
zajęczaków w drzewie genealogicznym ssaków, wskazując na ich odrębność od gryzoni.
Chociaż związki zajęczaków z innymi ssakami są obecnie znane, pokrewieństwa w obrębie
tej grupy są nadal niejasne. Wiele wymarłych gatunków prezentuje mozaikę cech
charakterystycznych dla dwóch głównych dzisiejszych linii zajęczaków, Leporidae i
Ochotonidae, więc tylko obszerne i wieloaspektowe badanie tej grupy ma szansę
przedstawić wiarygodną rekonstrukcję ich historii ewolucyjnej. Wymarłe zajęczaki są
znane głównie z zębów, więc niniejsza praca koncentruje się na cechach uzębienia:
zmianach zachodzących w trakcie ewolucji w mikrostrukturze szkliwa i morfologii zębów.
Przekroje siekaczy oraz zębów policzkowych zostalły pobrane z 19 gatunków
zajęczaków w celu prześledzenia zmian w ich mikrostrukturze szkliwa. Struktura szkliwa
siekaczy pokazuje, że podczas ewolucji zajęczaków wzmocnienie szkliwa następowało co
najmniej na dwa sposoby: (1) poprzez komplikację przeplatania się pryzm budujących
szkliwo jednowarstwowe lub (2) poprzez podział szkliwa na dwie warstwy i komplikację
pryzm w warstwach. Obecność szkliwa jednowarstwowego jest plezjomorficzna u
zającowatych, których pożywienie zwykle nie zawiera twardego materiału roślinnego.
Kontrastuje to ze szczekuszkami, u których dieta składa się z suchych i twardych roślin;
dlatego, aby zapobiec pękaniu, wzmocnienie mikrostruktury siekaczy było istotne w celu
przyjmowania twardego pokarmu. Zęby policzkowe zajęczaków zawsze mają
dwuwarstwowe szkliwo, w którym warstwa zewnętrzna wykazuje tendencję do
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pogrubiania rozszerzania się, a budujące ją pryzmy do układania się w krzyżujące się
wiązki, tworząc szkliwo nieregularne charakterystyczne dla współczesnych gatunków.
Pojawienie się tego typu szkliwa wiąże się ze wzmocnieniem jego struktury i występuje
również u innych ssaków roślinożernych. Sprawia, że zęby są bardziej odporne na
ścierające działanie krzemionki i włókien roślinnych. Wraz z nieregularnym szkliwem, na
przystosowanie

do

pobierania

takiego

pokarmu

wskazuje

również

obecność

bezkorzeniowych zębów wysokokoronowych (hypsodoncja). Jednakże, choć hypsodoncja
pojawiła się u zajęczaków już w środkowym eocenie, to jej wykształcenie nie było
skorelowane z jednoczesnym powstaniem nieregularnego szkliwa. Ponadto wydaje się, że
w obrębie Lagomorpha hypsodoncja pojawiała się kilkukrotnie i niezależnie u różnych
gatunków, w zależności od zamieszkiwanego przez nie środowiska. Struktura
przypominająca nieregularne szkliwo pojawiła się we wczesnym miocenie w linii
zającowatych oraz w środkowym miocenie u szczekuszkowatych. Nieregularne szkliwo
pojawiło się więc co najmniej dwukrotnie w ewolucji zajęczaków, niezależnie w linii
Ochotonidae i Leporidae.
Obfitość znalezisk zębów wymarłych zajęczaków dała możliwość zbadania na dużą
skalę zróżnicowania zębów policzkowych. Analizę kształtu wykonano dla 7 041 zębów
wymarłych i kopalnych zajęczaków. Analiza obejmuje 40 rodzajów, które stanowią
statystycznie istotną próbę do analizy różnorodności tej grupy w Europie od oligocenu do
holocenu. Badana próba zawiera również Duplicidentata z Azji i Ameryki Północnej, co
daje pogląd na zmienność kształtu zębów również na innych kontynentach od eocenu do
dziś. Stopień zmienności wymarłych Lagomorpha przewyższa zmienność obserwowaną u
dzisiejszych rodzajów (Lepus, Oryctolagus i Ochotona). Największe zróżnicowanie
morfologiczne można zauważyć w miocenie Azji i Europy. Zakres zmienności
wewnątrzpopulacyjnej dzisiejszych taksonów jest również znacznie mniejszy w
porównaniu z wymarłymi gatunkami i nie pokrywa się z rodzajami eoceńskimi. Zmiany
kształtu zębów policzkowych, mikrostruktury szkliwa i pojawienie się hypsodoncji wydają
się być skorelowane z przemianami roślinności wynikającymi z globalnych zmian klimatu.
W eocenie, najcieplejszej epoce kenozoicznej, na półkuli północnej dominowały lasy
subtropikalne z roślinnością liściastą. Na pograniczu eocenu i oligocenu postępujące
ochładzanie klimatu spowodowało ekspansję krzewów kserofitycznych w Azji Wschodniej
oraz lasów iglastych i lasów zawsze zielonych twardolistnych w Europie, ale w Ameryce
Północnej lasy mieszane i lasy podzwrotnikowe nie zmieniły się znacznie. W związku z
tym zajęczaki występujące w Azji rozwinęły wtórne ostrza tnące (ang. secondary shearing
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blades) będące przystosowaniem do żerowania na twardym materiale roślinnym, a z
powodu

ekspansji

suchych

obszarów

na

półkuli

północnej,

szczekuszkowate

rozprzestrzeniły się we wczesnym miocenie do Europy, Ameryki Północnej i Afryki.
Jednak pojawienie się we wczesnym miocenie traw oraz ich ekspansja po wymieraniu w
późnym miocenie (ang. middle Miocene extinction peak) spowodowało zmniejszenie się
różnorodności zajęczaków: wymieranie gatunków z zębami ukorzenionymi, preferujących
miękki materiał roślinny, oraz zmniejszenie zróżnicowania Ochotonidae, których dieta jest
ograniczona do twardych roślin, a nie ziół występujących na terenach otwartych. W
późnym miocenie, kiedy obszary trawiaste zdominowały krajobraz, preferujące otwarte
przestrzenie zającowate migrowały z Ameryki Północnej do Azji i Europy, różnicując w
plio-plejstocenie.
Wymarłe zajęczaki są zwykle marginalnie reprezentowane w wielkoskalowych
analizach filogenetycznych Glires (grupa obejmująca zarówno zajęczaki, jak i gryzonie),
co daje niepełny obraz pokrewieństw w obrębie Lagomorpha. Przedstawione w niniejszej
pracy drzewo filogenetyczne obejmujące 53 gatunki zajęczaków jest pierwszą próbą
kompleksowej rekonstrukcji ich wzajemnych powiązań i ewolucji. Uzyskany wynik
sugeruje nową klasyfikację zajęczaków, więc przedstawiono również przegląd grup
taksonomicznych zajęczaków. Powszechnie stosowany tzw. takson-worek „Palaeolagidae”
jest nieważny, a gatunki, które zostały sklasyfikowane w ramach tego taksonu, należą w
rzeczywistości do Ochotonidae, Leporidae lub do filogenetycznego pnia. Ponadto, kilka
gatunków okazuje się parafiletycznych, więc konieczna jest ich rewizja. Wyniki rzucają
nowe światło na zrozumienie relacji i zróżnicowania Lagomorpha od eocenu do końca
miocenu.
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1. Introduction
The group Duplicidentata Illiger, 1811 includes the Lagomorpha Brandt, 1855 and
Mimotonidae Li, 1977, and is characterized by the presence of a double pair of upper
incisors (Wyss and Meng 1996; Meng and Wyss 2001). The lagomorphs are characterized
by the presence of enlarged, rootless, and constantly growing pair of upper and lower
incisors, upper incisors with an anterior groove, peg-like second pair of upper incisors,
high-crowned cheek teeth, trigonids higher than talonids, upper cheek teeth more spaced
than the lower, and other cranial and postcranial characters (Dawson 2008). The
mimotonids, aside of the presence of the second pair of upper incisors (which are enlarged),
have also double paired lower incisors. Moreover, in contrast to Lagomorpha, they possess
lower-crowned cheek teeth, but the enamel covers more of the lingual than the buccal
surface of the upper cheek teeth (Meng et al. 2004; Asher et al. 2005). The lagomorphs are
represented by two families: the Leporidae Fischer von Waldheim, 1817, widely knowns
as hares and rabbits, and Ochotonidae Thomas, 1897, the pikas (Figure 1). Considering the
dental characters, the leporids differ from the ochotonids in: the presence of the M3,
molarized P3, presence of the lingual dental bridge in the lower cheek teeth, the m3
possessing a talonid, shallow groove on the upper incisors, and single-layered enamel
covering the incisors (McKenna 1982; Dawson 2008).

Figure 1. Representatives of two families of the Lagomorpha: Ochotonidae (A) and Leporidae (B). A. Ochotona
hyperborea in winter coat; B. Lepus arcticus in winter coat, it is the largest species of the recent lagomorphs.
Image by makieni777 (A) and Free-Photos (B) from Pixabay (Pixabay License).

Duplicidentata together with Simplicidentata Lilljeborg, 1866 containing Rodentia
Bowdich, 1821 are distinguished by the presence of one pair of upper incisors and together
form the clade Glires Linnaeus, 1758 (Meng and Wyss 2001; Murphy et al. 2001; Meng
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2004; Asher et al. 2005). The Glires are characterized by a suite of characters: ever-growing
incisors; absence of the upper and lower pair of canines, upper and lower pair of the first
and fourth incisors; reduction of the enamel on the distal surface of the second pair of the
incisors; and the presence of a diastema between the incisors and molars (Meng and Wyss
2001; Meng 2004; Asher et al. 2005). The phylogenetic analyses based on the
mitochondrial and nuclear DNA revealed that the closest relatives to Glires are Scandentia
Wagner, 1855 (treeshrews), and, together with Primatomorpha Beard, 1991 (including
Dermoptera Illiger, 1811 and Primates Linnaeus, 1758), they from the clade
Euarchontogriles Murphy et al., 2001 (Murphy et al. 2001; Amrine-Madsen et al. 2003).
Mimotona Li, 1977 is the earliest representative of Duplicidentata, known from the
Paleocene deposits of China. The mimotonids, including Mimotona spp. and five other
genera, lived in Asia (China, Mongolia, and Kyrgyzstan) until the early Oligocene (Li
1977; Averianov 1994; Asher et al. 2005; Fostowicz-Frelik et al. 2015a; Li et al. 2016a).
The lagomorphs have originated already at the beginning of the Eocene, as evidenced by
findings in Mongolia (Lopatin and Averianov 2008, 2020). However, the well-preserved
individual of Dawsonolagus antiquus Li et al., 2007 from the late early Eocene deposits in
China brought more information about the origin of the Lagomorpha. Dawsonolagus
represents a mixture of mimotonid-like (e.g., structure of the upper cheek teeth crown and
the M3 and m3 slightly reduced in size) and lagomorph-like features (e.g., one pair of the
lower incisors, the presence of a groove on the upper incisors; Li et al. 2007). Arnebolagus
leporinus Lopatin and Averianov, 2008 from the earliest Eocene show similar structure of
the teeth to Dawsonolagus (Lopatin and Averianov 2020).
The lagomorphs of the Eocene of Asia, which present plesiomorphic features, such
as, e.g., unmolarized P4, the presence of the postcingulum and no reduction of the
hypoconulid of the m3, were grouped together in the family ‘Strenulagidae’ Averianov and
Lopatin, 2005. According to the authors, this group is ancestral to the later lagomorph
families (Averianov and Lopatin 2005). Other authors suggest that this taxon may represent
a grade rather than a clade (Li et al. 2007; Fostowicz-Frelik et al. 2012b). In the late Eocene
of Asia appeared lagomorphs with strongly reduced the P2, M3, p3, and m3, represented
by Procaprolagus Gureev, 1960 and Desmatolagus Matthew and Granger, 1923, included
in the subfamily ‘Desmatolaginae’ Burke, 1941 (Figure 2). The relationships of those
genera with other lagomorphs are still unresolved. Desmatolagus was considered a
representative of the Leporidae (Burke 1941; Martin 2004), Ochotonidae (Sych 1975;
Huang 1987), but usually a stem Lagomorpha (Lopatin 1998; Erbajeva and Daxner-Höck
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2014). Desmatolagus spp. were present in the Central and East Asia from the late Eocene
to the early Miocene (Lopatin 1998; Erbajeva and Daxner-Höck 2014). Procaprolagus spp.
migrated to North America in the Oligocene, and lasted there until the early Miocene
(Dawson 1965; Storer 1984). During the Oligocene, Asia was dominated by lagomorphs
with rooted teeth (Erbajeva 2007). In the late Oligocene, appeared fully hypsodont
lagomorphs represented by Sinolagomyinae Gureev, 1960 and during the Miocene they
slowly replaced the species with rooted teeth (Erbajeva et al. 2017). Sinolagomyinae were
probably related with Ochotoninae Thomas, 1897 and may in fact be the first
representatives of Ochotonidae Thomas, 1897. Both groups lack the M3, the talonid of the
m3, and have unmolarized P3. In the early Miocene, sinolagomyines spread to Africa,
Europe, and North America, but disappeared already in the late Miocene. The first
ochotonins appeared in the middle Miocene of eastern Asia (Dawson 1961) and migrated
to West Europe and North America in the late Miocene (Fostowicz-Frelik et al. 2010;
Erbajeva et al. 2011; Čermák 2016). However, in the late Pliocene all genera representing
the Ochotoninae went extinct, and only Ochotona survived in Eurasia and North America
until the Holocene (Erbajeva 1988; Erbajeva et al. 2011).

Figure 2. Simplified phylogenetic tree of Glires, according to: (McKenna 1982; Erbajeva 1988; López Martínez 2001;
Asher et al. 2005; Dawson 2008; Fostowicz-Frelik and Meng 2013; Fostowicz-Frelik et al. 2015a). It shows a summary
of proposed relationships between the lagomorph subfamilies. Groups classified as the leporids have red frames and
ochotonids have orange frames. The ‘Desmatolaginae’ were considered as a subfamily of the Leporidae or Ochotonidae.
Grey boxes indicate species considered to represent the wastebasket taxon ‘Palaeolagidae’ or stem Lagomorpha. The
geological epochs are not time-scaled. Abbreviations: E – early, M – middle, L – late.
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The first lagomorphs in Europe are known from the early Oligocene of France
(Vianey-Liaud and Lebrun 2013) and Germany (Hessig and Schmidt-Kittler 1975, 1976).
The European stem lagomorphs used to be grouped together into the ‘Amphilaginae’
Gureev, 1953 characterized by the reduction of the m3 known since the early late Miocene
(Fostowicz-Frelik et al. 2012a). However, in the early-middle Miocene they were reported
also in East Asia (Erbajeva 2013; Erbajeva et al. 2016). The origin and phylogenetic
relationships between the species and with other lagomorphs are not resolved. Usually,
‘amphilagins’ are considered stem ochotonids (Tobien 1974, 1975; Erbajeva 1988; López
Martínez 2001) or closely related with Desmatolagus ( see Fostowicz-Frelik and Meng
2013). Although, the genera used to be grouped together in one family (Erbajeva 1988),
they may actually form a grade (Tobien 1975; Fostowicz-Frelik et al. 2012a). From one of
the representatives, probably Piezodus Viret, 1929, in the early Miocene originated
Prolagus Pomel, 1853 – a lineage characterized by the presence of a triple columned m2.
During the Miocene, the Prolagus lineage differentiated, but almost went extinct in the late
Miocene. The surviving species Prolagus crusafonti López Martínez in López Martínez
and Thaler, 1975 dispersed across Europe reaching even North Africa (Darwent 2007), but
in the Pliocene the populations were fragmentated. During the Quaternary, due to the
glaciation, the north populations of Prolagus went extinct, but the southern species
survived until the historical times in Sardinia (Dawson 1969; López Martínez 2001). The
representatives of ‘Lagopsinae’ Averianov, 2000 were cooccurring with Prolagus during
the Miocene in Europe. This family might have originated from Titanomys Meyer, 1843,
a member of the ‘Amphilaginae’, in the early Miocene (Tobien 1975; López Martínez
2001). Also in the early Miocene ‘lagopsines’ appeared also in Asia (Angelone and Hír
2012). However, in the late Miocene, when the leporids from North America appeared in
Europe (Flynn et al. 2014; Čermák et al. 2015), the ‘Lagopsinae’ went extinct (Erbajeva et
al. 2011).
Lagomorphs migrated to North America from Asia earlier than Procaprolagus,
already in the late middle Eocene (Meng et al. 2005; Fostowicz-Frelik and Tabrum 2009).
The earliest fully hypsodont (cheek teeth without roots) lagomorphs are known from the
late Eocene of North America (Dawson 1958; Fostowicz-Frelik 2013). However, during
the Oligocene, abundant were genera within ‘Palaeolaginae’ Dice, 1929 (including, e.g.,
Palaeolagus Leidy, 1856, Megalagus Walker, 1931) with mostly rooted cheek teeth,
semimolarized premolars, and upper cheek teeth with hypostrial lakes and crescents
disappearing during wear. However, the last Palaeolagus spp. of the early Miocene had
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already molarized and hypsodont upper cheek teeth (Dawson 1958). From the
‘palaeolagines’, in the late Oligocene probably originated the ‘Archaeolaginae’ Dice, 1929
with fully hypsodont cheek teeth, more molariform premolars and a different structure of
the p3 than in the ‘palaeolagines’. The ‘archaeolagines’ lived in North America to the end
of the early Pleistocene (Dawson 1958; White 1987) and migrated to Eurasia in the late
Miocene, where they were present until the middle Pleistocene (Čermák 2009; Flynn et al.
2014). The Leporidae originated from the ‘archaeolagins’ in North America probably in
the late middle Miocene (White 1991; Čermák et al. 2015). The first leporid, Alilepus Dice,
1931 migrated to Eurasia through the Beringia bridge in the late Miocene, and diversified
(Čermák et al. 2015). The fossil record evidences that the abrupt leporid invasion into
Eurasia was not a single event in the late Miocene (Flynn et al. 2014) which, probably
caused a decline in the ochotonid diversity (Flynn et al. 2014; Čermák et al. 2015).
The fossil record of Duplicidentata is mainly restricted to the teeth. The skull,
postcranial remains, or articulated skeletons are rare (Dawson 1969; Mörs and Kalthoff
2010; Fostowicz-Frelik 2013). Thus, the teeth are the main object of study, regarding their
enamel microstructure, shape of the occlusal surface and general morphology. First, the
detailed description of the enamel microstructure is provided. The enamel microstructure
features are widely used in the rodent classification (Martin 1997; Koenigswald 2004), and
their utility was also proposed for Duplicidentata, but thus far restricted only to the incisors
(Martin 2004). Herein, the enamel of both the incisors and cheek teeth is analyzed to find
out whether there is any relation between the enamel microstructure and taxonomy,
presence of the hypsodonty, mastication, and/or diet. Then, the shape changes of the
occlusal surfaces of cheek teeth were also tracked over time and space. Geometric
morphometric methods for analyses of the occlusal surface shape of the cheek teeth were
already used for rodents, proving to be an important tool in their taxonomic identification
(Macholán 2006; Zarei et al. 2013; Boroni et al. 2017) or analysis of their dietary
adaptations (Gómez Cano et al. 2013). The landmark-based methods were so far used for
the shape changes in the occlusal surfaces of the cheek teeth in recent Ochotona species,
showing that the within-group variance is high, mostly age-dependent (Volkova and
Lissovsky 2018). Herein, the usefulness of these methods was tested for different
duplicidentate genera. Finally, the largest so far morphological phylogenetic tree of the
Duplicidentata is presented. Thus far, duplicidentates in phylogenetic trees were
represented mainly by several species in large-scale phylogenetic analyses of Glires (Asher
et al. 2005). Phylogenetic trees focused on extinct and extant Lagomorpha include few
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species and are rare (McKenna 1982; Fostowicz-Frelik 2013; Fostowicz-Frelik and Meng
2013; Lopatin and Averianov 2020). The reconstruction of the phylogeny is crucial to track
the changes during the evolution of those animals. Especially because Duplicidentata are
known from the mosaic evolution of the skeleton, possibly as a result of rapid adaptations
of small mammals to the environmental changes (Lazzari et al. 2008; Maridet and Costeur
2010; Fostowicz-Frelik and Meng 2013; Fostowicz-Frelik et al. 2015a). Thus, detection of
parallelisms in the tooth structure and morphology should allow a broader look on the
directions of the evolution of Duplicidentata.
The research problems can be summarized in 5 main questions: (1) What is the
scenario of duplicidentate evolution in terms of the microstructure and morphology of their
teeth? (2) Is there a connection between the crown height of the cheek teeth and the
environment, diet, and the way of massification, or phylogenetic relationship between the
species? (3) How the diversity of the duplicidentate cheek teeth shape changed in time and
space? What factors had influence on these changes? (4) Which fossil duplicidentates are
related to the extant Ochotonidae, Leporidae, or neither of them? How the phylogenetical
relationships reflect the teeth shape and enamel microstructure? (5) Which families or subfamilies of the Lagomorpha are natural groups? The obtained answers allowed to
reconstruct the evolutionary scenario of over 50 million years of the lagomorph evolution.
The tooth nomenclature is provided in the Chapter 4 due to the inconsistent
nomenclature used in the pervious works, resulting from the unresolved problem with the
homology of the dental structures (Éhik 1926; Wood 1940; López Martínez 1985; Kraatz
et al. 2010). The problems regarding dental homologies require wider investigation
considering individuals with indelible cusps, what is uncommon in the fossil record. Thus,
the nomenclature is adopted and unified from recent works. The research in homology of
those structures is not included in this study. Also, because the classification of the
Duplicidentata species used in the study varies according to the author (Erbajeva 1988;
López Martínez 1989; Meng et al. 2005; Dawson 2008), a uniform systematic paleontology
is provided in the Appendix A. The genera which appeared to be paraphyletic, as revealed
by the phylogenetic tree provided herein (chapter 8), are in quotes. A revision of this taxa
should be done, but because this study does not include most of the fossils belonging to the
paraphyletic species, the redescription is beyond the scope of this study. All the names and
nomenclatural acts in this dissertation are disclaimed for nomenclatural purposes.
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2. Materials
The sample studied here comprises both extant and extinct representatives of the
Duplicidentata. For the purpose of enamel microstructure research, 22 samples of the
extinct species were analyzed. The morphometry analysis includes 27 extant species and
44 extinct species. The complete list of those species, including the collection number,
detailed identification of the material, locality, formation, and age of each individual is
provided in the Supplementary Information. The data were collected in several institutions
in Europe, North America, and Asia (Table 1).
Table 1. Institutional abbreviations.
AMNH

American Museum of Natural History, New York, USA

F:AM
ANSP

Academy of Natural Sciences of Drexel University, Pennsylvania, USA (formerly: Academy of
Natural Sciences of Philadelphia)

CM

Carnegie Museum of Natural History, Pittsburgh, Pennsylvania, USA

FL

Département des Sciences de la Terre, de l'Université Claude Bernard, Lyon, France

FMNH UC
HLMD
ISEZ
IVPP

LACM (CIT)

Field Museum of Natural History, Chicago, Illinois, USA
Hessisches Landesmuseum Darmstadt, Darmstadt, Germany
Institute of Systematics and Evolution of Animals, Polish Academy of Sciences, Cracow, Poland
Institute of Vertebrate Paleontology and Paleoanthropology, Chinese Academy of Sciences,
Beijing, China
Natural History Museum Los Angeles County (previously: Collection of Vertebrate Paleontology
of the California Institute of Technology), Los Angeles, California, USA

MAFI

Magyar Állami Földtani Intézet, Budapest, Hungary

MCZ

Louis Agassiz Museum of Comparative Zoology, Cambridge, Massachusetts, USA

ML
MUT
NHMW
NMB

Musée des Confluences,, Lyon, France (formerly: Musée d'Histoire Naturelle)
Museum der Universität Tübingen, Germany
Naturhistorisches Museum Vien, Vien, Austria
Naturhistorisches Museum Basel, Basel, Switzerland

PIN

Paleontological Institute, Russian Academy of Sciences, Moscow, Russia

SMF

Naturmuseum Senckenberg Frankfurt am Main, Frankfurt, Germany

SMNS
SNSB-BSPG
UCM

Staatliches Museum für Naturkunde, Stuttgart, Germany
Staatliche Naturwissenchaftliche Sammlungen Bayerns – Bayerische Staatssammlung für
Paläontologie und Geologie, Munich, Germany
University of Colorado Museum, Boulder, Colorado, USA

UMICH

University of Michigan Museum of Natural History, Ann Arbor, Michigan, USA

UMJGP

Universalmuseum Joanneum Geologie und Paläontologie, Graz, Austria

USNM

University of Montana Paleontology Center, Missoula, Montana, USA

ZMB

Museum für Naturkunde, Berlin, Germany

ZPAL

Institute of Paleobiology, Polish Academy of Sciences, Warsaw, Poland
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The extant lagomorphs include representatives of the Leporidae and Ochotonidae,
listed below (Table 2). The detailed list of the extant Lagomorpha is provided in the
Supplementary Information file. All of them are included in the morphometry analysis.
Romerolagus diazi (Diaz, 1893), Lepus europaeus Pallas, 1778, Oryctolagus cuniculus
(Linnaeus, 1758), Ochotona princeps (Richardson, 1828), and Ochotona dauurica (Pallas,
1776) were used also in the matrix for the phylogenetic analysis.
Table 2. Extant lagomorphs used for the morphometric study. Grey boxes indicate teeth which are absent in the analyzed
species. Bold numbers indicate teeth used in the Canonical Variate Analysis.
Upper cheek teeth

Species
Lepus americanus
Erxleben, 1777
Lepus arcticus
Ross, 1819
Lepus brachyurus
Temminck, 1845
Lepus capensis
Linnaeus, 1758
Lepus europaeus
Pallas, 1778
Lepus microtis
Heuglin, 1865
Lepus nigricollis
Cuvier, 1823
Ochotona alpina
(Pallas, 1773)
Ochotona curzoniae
(Hodgson, 1858)
Ochotona dauurica
(Pallas, 1776)
Ochotona hyperborea
(Pallas, 1811)
Ochotona macrotis
(Günther, 1875)
Ochotona princeps
(Richardson, 1828)
Ochotona royeli
(Ogilby, 1839)
Ochotona rufescens
(Gray, 1842)

Lower cheek teeth

P2

P3

P4

M1

M2

M3

p3

p4

m1

m2

m3

20

20

20

19

20

16

20

20

19

20

17

4

4

4

4

4

2

4

4

4

4

4

19

20

20

19

19

17

20

19

19

19

14

36

40

40

40

40

40

38

36

38

36

36

60

61

60

62

62

56

77

74

79

77

69

23

20

23

22

22

18

20

19

21

21

16

16

18

17

17

17

13

17

14

17

16

14

30

36

35

32

33

30

37

38

26

25

17

16

17

18

16

18

17

16

16

16

22

26

27

27

26

20

24

27

18

22

4

5

5

4

4

4

4

4

3

3

10

13

12

11

10

9

10

8

7

7

0

1

1

4

1

2

1

1

2

2

4

5

5

8

4

4

4

4

4

4

5

6

7

8

7

6

8

8

7

6

34

Materials

Ochotona thibetana
(Milne-Edwards,

14

13

13

13

13

13

14

14

13

13

3

4

4

4

4

4

3

4

3

3

9

9

9

9

8

6

8

15

16

16

14

0

0

0

0

0

0

2

2

2

1

2

6

6

4

5

2

2

5

4

6

4

2

0

0

0

0

0

0

4

4

4

4

3

4

0

0

4

4

4

4

4

4

4

1

6

4

6

6

6

6

6

6

3

4

5

28

35

36

36

36

27

33

38

37

36

28

10

12

12

9

9

8

12

12

10

11

8

0

2

2

2

2

0

1

2

2

3

2

16

16

18

15

14

15

8

12

11

10

12

10

10

8

10

10

10

7

7

7

7

6

1871)
juv. Ochotona sp.

Oryctolagus cuniculus
(Linnaeus, 1758)
Poelagus marjorita
(St. Leger, 1929)
Romerolagus diazi
(Diaz, 1893)
Sylvilagus aquaticus
(Bachman, 1837)
Sylvilagus audubonii
(Baird, 1857)
Sylvilagus bachmanni
(Waterhouse, 1839)
Sylvilagus brasiliensis
(Linnaeus, 1758)
Sylvilagus floridanus
(Allen, 1877)
Sylvilagus graysoni
(Allen, 1877)
Sylvilagus nuttallii
(Bachman, 1837)
Sylvilagus palustris
(Bachman, 1837)

Below (Table 3), a general list of extinct Lagomorpha with the numbers of
individual teeth used in the morphometry analysis, and the teeth used in the enamel
microstructure studies is provided. As for the extant Lagomorpha the detailed list with the
information about each specimen is provided in the Supplementary Information. Due to the
unstable taxonomic position of many extinct lagomorph genera and species, a detailed
description of the studied extinct Duplicidentata is provided in the Appendix A, in order to
give the current statement about the species analyzed herein.
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Table 3. Number of extinct lagomorphs specimens used for the morphometric study. Blue color of the box indicate a
tooth sampled for the enamel microstructure study. Grey boxes indicate teeth which are not present in the analyzed
species. Bold numbers indicate teeth used in the Canonical Variate Analysis.
Incisors

Species

Di2
Alloptox gobiensis
(Young, 1932)
Amphilagus antiquus
Pomel, 1853
‘Amphilagus’ magnus
Erbajeva, 2013
‘Amphilagus’ orientalis
Erbajeva, 2013
‘Amphilagus’ ulmensis
Tobien, 1974
Austrolagomys inexpectatus
Stromer, 1926
Bellatona forsythmajori
Dawson, 1961
Bellatona yanghuensis
Zhou, 1988
Bohlinotona pusilla
(Teilhard de Chardin, 1926)

di2

Upper cheek teeth
P2

P3

P4

M1

M2

3

18

19

10

2

1

21

24

23

15

1

5

14

14

1

10

4

0

2

1

Lower cheek teeth
M3

p3

p4

m1

m2

m3

16

7

12

2

0

10

13

9

12

8

0

6

16

12

11

1

9

4

0

9

11

7

7

1

2

5

2

0

7

7

6

2

1

2

2

2

2

2

1

2

0

2

1

3

2

0

1

1

1

1

0

2

3

12

7

4

6

7

8

2

1

3

7

9

5

0

5

9

14

8

1

0

0

1

1

1

0

0

0

0

1

1

6

41

46

33

24

4

38

63

68

54

19

1

5

4

2

1

0

8

11

6

5

2

0

0

0

0

0

0

6

5

3

2

0

0

0

0

0

0

0

4

4

2

3

2

1

3

8

5

2

0

3

7

8

5

1

1

5

7

7

6

4

4

10

9

8

6

1

2

2

2

1

0

1

3

4

3

2

0

1

3

3

0

0

1

3

9

5

2

Chadrolagus emryi
Gawne, 1978
Dawsonolagus antiquus
Li et al., 2007
Desmatolagus gobiensis
Matthew and Granger, 1923
Desmatolagus robustus
Matthew and Granger, 1923
Desmatolagus simplex
(Argyropulo, 1940)
Desmatolagus shargaltensis
Bohlin, 1937
Eurolagus fontannesi
(Depéret, 1887)
Gobiolagus aliwusuensis
Fostowicz-Frelik

et

al.,

2012b
Gobiolagus tolmachovi
Burke, 1941
Gomphos elkema
Shevyreva et al., 1975
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Hypolagus beremendensis
(Kormos, 1930)
Hypolagus brachygnathus
(Petényi, 1864)
Lagopsis verus
(Hensel, 1856)

1

4

2

4

4

1

1

33

25

18

7

0

0

0

0

0

0

10

3

3

1

1

4

11

13

11

5

22

10

17

20

7

0

0

0

0

0

0

1

1

1

1

1

0

0

0

0

0

0

1

1

1

1

1

0

1

0

1

2

1

0

0

0

0

0

0

1

1

1

1

1

3

1

1

0

1

1

2

4

2

1

3

2

2

0

1

3

3

3

2

1

2

1

0

0

0

16

46

57

53

44

19

45

60

65

49

22

1

11

14

13

13

11

12

11

11

0

1

0

0

0

13

7

7

5

0

1

0

0

0

4

4

5

6

4

6

0

0

4

0

0

Litolagus molidens
Dawson, 1958
Megalagus brachyodon
(Matthew, 1903)
Megalagus turgidus
(Cope, 1873)
Mytonolagus ashcrafti
Fostowicz-Frelik

and

Tabrum, 2009
Mytonolagus near petersoni

Ochotona lagreli
Schlosser, 1924
Ochotona birgerbohlini
Averianov, 1998b
Ordolagus teilhardi
(Burke, 1941)
‘Palaeolagus’ burkei
Wood, 1940
Palaeolagus haydeni
Leidy, 1856
‘Palaeolagus’ hypsodus
Schlaikjer, 1935
‘Palaeolagus’ intermedius
Matthew, 1899
Palaeolagus temnodon
Douglass, 1902
Piezodus branssatensis
Viret, 1929
‘Piezodus’ tomerdingensis
Tobien, 1975
Prolagus bilobus
Heller, 1936
Prolagus cf. crusafonti
López Martínez, 1975 (in
López Martínez and Thaler
1975)
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Prolagus oeningensis
(König, 1825)
Prolagus sardus
(Wagner, 1829)

13

24

22

17

10

16

32

52

2

6

5

5

5

7

11

12

2

7

8

8

8

7

11

11

0

0

0

0

0

9

15

16

3

10

6

6

1

0

0

0

1

1

1

1

1

0

0

1

3

1

2

2

1

0

2

2

1

3

1

1

1

0

0

1

1

1

4

2

3

2

0

2

3

3

2

9

12

12

10

3

0

12

23

16

12

14

16

17

15

8

0

0

0

0

0

0

1

1

1

0

3

6

6

5

4

14

19

22

23

‘Prolagus’
schnaitheimensis
Tobien, 1975
Prolagus sp. from Betfia

Prolagus vasconiensis
Viret, 1930 (in Roman and
Viret 1930)
Ptychoprolagus
forsthartensis
Tobien, 1975
‘Shamolagus’ franconicus
(Hessig

and

Schmidt-

Kittler, 1975)
Shamolagus medius
Burke, 1941
Sinolagomys kansuensis
Bohlin, 1937
Sinolagomys major
Bohlin, 1937
Strenulagus solaris
Lopatin

and

Averianov,

0

2006
Titanomys visenoviensis
Meyer, 1843

Most of the extinct species used in the morphometry analysis, listed above, were
coded in the matrix for phylogenetic analysis. The species which were not seen personally
by the author but were coded based on the literature or photographs are listed in the table
below (Table 4).
Table 4. The species of Duplicidentata coded based on the literature and received photographs.

Species
Aktashmys montealbus
Averianov, 1994
Alilepus hibbardi
White, 1991
Amphilagus wuttkei

Literature

Photographs

Averianov and Lopatin 2005

White 1991
Mörs and Kalthoff 2010
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Mörs and Kalthoff, 2010
Archaeolagus ennisianus
(Cope, 1881)

Chadrolagus emryi

Dawson 1958

Fostowicz-Frelik 2013

Gawne, 1978

Dawsonolagus antiquus

Li et al. 2007

Li et al., 2007
Gobiolagus aliwusuensis
Fostowicz-Frelik et al., 2012b
Gobiolagus tolmachovi
Burke, 1941
Gomphos elkema
Shevyreva et al., 1975

Fostowicz-Frelik et al. 2012b

photographs of the material described
by Li et al. 2007
photographs of the material described
by Fostowicz-Frelik et al. 2012b

Burke 1941; Meng et al. 2005

undescribed specimens

Shevyreva et al. 1975; Meng et al. 2004

undescribed specimens

Hesperolagomys galbreathi
Clark et al., 1964

Bair 2011

Hypolagus vetus
Dawson 1958; White 1987

Kormos, 1930
Litolagus molidens

Dawson 1958; Fostowicz-Frelik 2013

Dawson, 1958

Megalagus turgidus

Dawson 1958, 2008

(Cope, 1873)

photographs of the specimen FMNH
UC 164

Mytonolagus ashcrafti
Fostowicz-Frelik and Tabrum,

Fostowicz-Frelik and Tabrum 2009

2009

Oreolagus wilsoni
Dawson 1965

Dawson, 1965
‘Palaeolagus’ hemirhizis
Korth, 1988
‘Palaeolagus’ hypsodus

Korth 1988

Dawson 1958

Schlaikjer, 1935

photographs of the specimen MCZ
3720

‘Palaeolagus’ philoi
Dawson, 1958

Dawson 1958

‘Procaprolagus’ schizopetrus
Dawson 1965

(Dawson, 1965)
Procaprolagus vetustus
Burke 1941; Dawson 2008

(Burke, 1941)
Shamolagus medius
Burke, 1941

Strenulagus solaris
Lopatin and Averianov, 2006

Burke 1934; Meng et al. 2005; Lopatin
and Averianov 2006
Meng et al. 2005; Lopatin and
Averianov 2006; Fostowicz-Frelik et
al. 2015b

39

undescribed specimens

photographs of the material described
by Fostowicz-Frelik et al. 2015b
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The geographic distribution and age of occurrence of each lagomorph species used
in the phylogenetic analysis are based on the literature (Table 5). The systems of correlation
of the mammal-bearing strata differ for Europe, North America, China, and Mongolia. The
table below (Table 5) includes the original (literature-based) dating of the specimens. The
Asian Land Mammal Ages (ALMA) include the timespan from the Paleogene to the early
Miocene (Aquitanian) of Asia (Tong et al. 1995; Meng et al. 2007; Wang et al. 2011, 2019).
Aside of that time scale for Asia, for Mongolia, the Mongolian Biozones are frequently
used, a timescale established mainly based on the rodent evolution and basalt intrusions in
the Oligocene and Miocene of Central Mongolia (Höck et al. 1997; Daxner-Höck et al.
2017; Harzhauser et al. 2017). North America Land Mammal Ages (NALMAs) establish a
geologic timescale from the Late Cretaceous to recent (Wood et al. 1941; Savage 1951;
Lillegraven and McKenna 1986; Barnosky et al. 2014). The European Land Mammal Ages
(ELMA) or European Land Mammal Mega Zones (ELMMZ) include the Neogene,
Paleogene, and Quaternary. This timescale is divided into the Paleogene European mammal
zones (MP zonation; Aubry 1985; Islamoǧlu et al. 2010) and Neogene European mammal
zones (MN zonation; Agustí et al. 2001). After the redefinition of the Neogene and
Quaternary, the MN17 is now considered a Quaternary biozone, which is now divided into
subzones (Quaternary European mammal zones; Gliozzi et al. 1997).
Because this work includes species from Asia, Europe, and North America, the
temporal occurrence terminology is unified following the time scale of the International
Chronostratigraphic Chart of the International Commission on Stratigraphy (ICS
v2020/01). However, because the ranges of the ages proposed by ICS do not precisely
correspond to the biozones, epochs and sub-epochs are used for precision.
Table 5. The distribution of the species used in the phylogenetic analysis.

Species
Aktashmys
montealbus

Alilepus hibbardi

Geographic
distribution

Original unit

Asia: Kyrgyzstan

ALMA: Irdinmanhan

North America: USA:

NALMA: late

Idaho, California,

Clarendonian–?early

Nevada

Hemphillian

Alloptox

Asia: Mongolia and

gobiensis

China

early–middle Miocene

40

ICS unit

middle Eocene

Oligocene–early
Miocene

early–middle
Miocene

Source
Averianov and
Lopatin 2005

White 1991

Wu 2003; Erbajeva
and Daxner-Höck
2014

Materials

Amphilagus
antiquus
‘Amphilagus’
magnus
‘Amphilagus’
orientalis
‘Amphilagus’
ulmensis
Amphilagus
wuttkei
Archaeolagus
ennisianus
Austrolagomys
inexpectatus
Bellatona
yanghuensis
Chadrolagus
emryi
Dawsonolagus
antiquus
Desmatolagus
gobiensis
Desmatolagus
robustus
Eurolagus
fontannesi
Eurymylus
laticeps
Gobiolagus
aliwusuensis
Gobiolagus
tolmachovi

Europe: Germany,
France, Switzerland
Asia: Mongolia

vetustus

earliest early Miocene

Europe: Germany

Aquitanian

earliest early Miocene

Europe: Germany

ELMA: MP28

late Oligocene

North America: USA:

NALMA: late

Oregon

Arikareean

Africa: Namibia

Arrisdrift

early Miocene

Asia: China, Mongolia

Mongolian biozone D

early – middle Miocene

earliest early Miocene

Tobien 1974
Erbajeva and
Daxner-Höck 2014
Erbajeva and
Daxner-Höck 2014
Tobien 1974
Mörs and Kalthoff
2010
Dawson 1958
Mein and Pickford
2003, 2008
Zhou 1988;
Erbajeva and
Daxner-Höck 2014

North America: USA:
Wyoming, Montana
Asia: China

Asia: Mongolia

Asia: Mongolia

NALMA: Chadronian

late early Eocene

late middle–late
Eocene
late early Eocene

Mongolian biozone:
A–C

Oligocene

Mongolian biozone:
A–B

early Oligocene

Dawson 2008;
Fostowicz-Frelik
2013
Li et al. 2007
Erbajeva and
Daxner-Höck 2014
Erbajeva and
Daxner-Höck 2014

Europe: Romania,
France, Germany,

ELMA: MN6–MN10

middle– late Miocene

late Paleocene

late Paleocene

Fostowicz-Frelik et
al. 2012a

Poland, Spain, Austria
Asia: Mongolia

Asia: China

Asia: China

North America: East

Hypolagus

C1-D–D

earliest early Miocene

Hesperolagomys

beremendensis

Mongolian biozone

Mongolian biozone D

Asia: China

Hypolagus

late Oligocene

Asia: Mongolia

Gomphos elkema

galbreathi

Chattian

USA

Europe
North America: USA:
Nevada

ALMA: Irdinmanhan–
Sharamurunian
ALMA:
Sharamurunian
ALMA: Bumbanian

middle Eocene

late middle Eocene

Sych 1971
Fostowicz-Frelik et
al. 2012b
Meng et al. 2005,
2007

early Eocene

Meng et al. 2004

middle Miocene

Bair 2011

early Pliocene – early

early Pliocene–early

Fostowicz-Frelik

Pleistocene

Pleistocene

2007a

NALMA: Hemphillian

early Miocene

Dawson 2008

NALMA: late
Barstovian Clarendonian
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Lagopsis sp. from
Steinberg
Lagopsis verus

Lepus europaeus

Litolagus
molidens
Megalagus
turgidus
Mytonolagus

Europe: Germany
Germany, Spain,
Switzerland, France

Europe

North America: USA:
Wyoming
North America: USA:
Colorado, Wyoming

middle Miocene

middle Miocene

ELMA: MN7/8

middle Miocene

late Pleistocene/early
Holocene - recent

Arp 2006
López Martínez
1989; Hordijk 2010

late
Pleistocene/early

Sert et al. 2009

Holocene–recent
Dawson 2008;

NALMA: Orellan

earliest early Oligocene

Fostowicz-Frelik
2013

NALMA: Orellan–late
Whitneyan/earliest

Dawson 2008;
early Oligocene

Fostowicz-Frelik
2013

Arikareean

North America: USA:

NALMA: late

petersoni

Montana

Duchesnean

Ochotona

Asia: China, Mongolia,

middle Pleistocene–

middle Pleistocene–

Fostowicz-Frelik et

dauurica

West Russia

recent

recent

al. 2010

Asia: Mongolia

ELMA: MN9–MN13

late Miocene

late middle Eocene

Fostowicz-Frelik
and Tabrum 2009

Fostowicz-Frelik et

Ochotona lagreli

al. 2010; Erbajeva
et al. 2015

Ochotona

North America: West

middle Pleistocene–

middle Pleistocene–

Fostowicz-Frelik et

princeps

Canada, West USA

recent

recent

al. 2010

Asia: China and

Mongolian biozone:

Mongolia

A–C1

Ordolagus
teilhardi
Oreolagus
wilsoni
Oryctolagus
cuniculus
‘Palaeolagus’
burkei
Palaeolagus
haydeni
‘Palaeolagus’
hemirhizis
‘Palaeolagus’
hypsodus
‘Palaeolagus’
philoi
Piezodus
branssatensis
‘Piezodus’
tomerdingensis

North America: USA:
Colorado
Europe

North America: USA:
Wyoming, Colorado

late early Miocene

Dawson 1965

middle Pleistocene -

middle Pleistocene–

Lopez Martinez

recent

recent

2008

NALMA: late Orellan–
late Whitneyan/earliest

2008

early Oligocene

Dawson 1958

earliest early Oligocene

Korth 1988

early Miocene

Dawson 1958

early Miocene

Dawson 1958

Chattian

late Oligocene

Tobien 1975

Aquitanian

earliest early Miocene

Tobien 1975

Arikareean

Colorado, Wyoming

Whitneyan

North America: USA:
Wyoming, Dakota,
Nebrasca
North America: USA:
Dakota, Wyoming,
Nebrasca
Europe: Germany,
France
Europe: Switzerland,
Germany, France

Dawson 1958,
early Oligocene

NALMA: Orellan–

Nebrasca

Erbajeva and
Daxner-Höck 2014

early Burdigalian

North America: USA:

North America: USA:

Oligocene

NALMA: early Orellan

NALMA: late
Arikareean

NALMA: late
Arikareean
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Procaprolagus
schizopetrus
Procaprolagus
vetustus

North America: USA:

NALMA: early

Wyoming

Hemingfordian

Asia: China

late Eocene

late Eocene

ELMA: MN4–MN9

middle Miocene

early Miocene

Dawson 1965
Meng et al. 2005;
Dawson 2008

Europe: France,
Prolagus
oeningensis

Switzerland, Germany,
Austria, Hungary,

López Martínez
1989

Romania

Prolagus sardus
‘Prolagus’
schnaitheimensis
Romerolagus
diazi
‘Shamolagus’
franconicus
Shamolagus
medius
Sinolagomys
kansuensis

Europe: Italy

?middle Pleistocene–
Holocene

?middle
Pleistocene–

Angelone et al.
2008

Holocene

Europe: Germany

Burdigalian

early Miocene

Tobien 1975

North America: Mexico

Pleistocene – recent

Pleistocene–recent

Osuna et al. 2020
Hessig and

Europe: Germany

ELMA: MP22 – MP23

early Oligocene

Schmidt-Kittler
1975, 1976

Asia: China

Asia: Mongolia, China

Meng et al. 2005,

middle Eocene

middle Eocene

Mongolian biozone

late Oligocene–earliest

Erbajeva et al.

C1–D

early Miocene

2017

2007

Lopatin and

Strenulagus
solaris

Asia: Mongolia, China

middle Eocene

middle Eocene

Averianov 2006;
Fostowicz-Frelik et
al. 2015b

Titanomys
visenoviensis

Europe: Germany,
Austria, France,

lower Aquitanian

Switzerland
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earliest early Miocene

Tobien 1974
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3. Methods
3.1. Enamel microstructure
3.1.1. Preparatory techniques
The studied specimens were embedded in epoxy resin, cut along the transverse
(horizontal) and vertical planes. The surfaces were polished, cleaned using ethanol, and
etched with diluted (1%) ortho-phosphoric acid for ca. 60 seconds (Wood 2000) to make
the morphological details visible. Then, the specimens were cleaned in distilled water,
dried, mounted on SEM (scanning electron microscope) specimen stubs, and coated with
platinum. Finally, the enamel samples were studied under the Philips XL20 scanning
microscope at the Institute of Paleobiology, Polish Academy of Sciences.
The photographs of the enamel microstructure were taken under the scanning
microscope and were later opened in ImageJ version 1.53a in order to take the
measurements. The complete measurement list for each analyzed tooth is provided in the
Supplementary Information. The mesial anteroloph and distal trigonid form the primary
shearing blades, which play an important role in the mastication in Lagomorpha
(Koenigswald et al. 2010b). In order to check if there is a correlation between the enamel
thickness and the thickness of the external layer on the primary shearing blades, a linear
correlation was performed in PAST version 2.17c (Hammer et al. 2001).

3.1.2. Enamel structures and terminology
The three-dimensional arrangement of the enamel-building structures is named the
schmelzmuster (Koenigswald 1977, 1980). It can be divided into two layers: internal
(portio interna, PI) and external (portio externa, PE; Korvenkontio 1934). According to
Koenigswald and Sander (1997) the PE and PI are restricted to the external and internal
enamel layer of the incisor microstructure exclusively. However, herein the terms PE and
PI are broadened to the enamel microstructure of the cheek teeth, due to the fact that it is
composed of two clear layers. The boundary between the enamel and dentine, where the
amelogenesis began and was continued outward is called the enamel-dentine junction,
EDJ (Kraus 1952). Externally, on the opposite end of the enamel layer outer enamel
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surface, OES (Kraus 1952) is present, where the amelogenesis ended, terminating the
development of the enamel. However, all the thin sectioned teeth belonged to species which
used their teeth during their life, so the enamel surface is abraded and chemically eroded,
as suggest pervious studies (King et al. 1999; Fraser and Theodor 2010). Therefore, herein
the term OES refers to the most external surface which is preserved, it does not have to
present its primary character.
The main enamel structural units are prisms (Scott 1955) composed of bundled
enamel crystallites. The prisms are a mineralized record of the migration patterns of the
ameloblasts during enamel formation. Between the prisms occurs the interprismatic
matrix, IPM (also called interprismatic substance, interprismatic phase; Scott 1955) which
is composed of crystallites not bundled into prisms of the prismatic enamel (Carlson 1990;
Stern and Crompton 1995). In contrast to the prismatic enamel composed of crystallites
organized in prisms and IPM, stands the prismless enamel (or aprismatic or nonprismatic
enamel; Boyde 1965). The enamel of all Duplicidentata is prismatic, in some taxa, however,
below the OES, a thin layer of prismless enamel formed by IPM can occur. This is the
prismless external layer, PLEX (Martin 1992, 1993b).
The direction of the prisms is determined by the prism sheath (surfaces separating
enamel crystallites in differently oriented sets; Wood et al. 1999), because the crystallites
within the prism may be set at variable angles, but constant with the prism direction. The
angle of the surrounding not bundled into prisms hydroxyapatite crystallites (forming IPM)
is measured against the prism direction. The ancestral form of the prismatic enamel is the
radial enamel (Koenigswald 1977, 1980). In this type of enamel, the prisms are directed
radially away from the EDJ. The hydroxyapatite crystallites building IPM can be parallel,
perpendicular, or acute to the prism direction. Radial enamel with inter-row sheets
(REIS; Koenigswald and Reumer 2020) is a structure in which the IPM forms thin, not
anastomosing plates (inter-row sheets; Boyde 1965) and oriented at right angle to the
prism rows. In comparison to modified radial enamel (Pfretzschner 1994), the inter-row
sheet are thicker, in cross-section as thick as the prisms. The tangential enamel
(Koenigswald 1977, 1994) is formed by not intersecting prisms oriented parallel to each
other, and the IPM anastomoses at nearly right angles.
When the prisms are organized into layers, each composed of several prisms
oriented in the same direction, parallel to each other, and decussate with other prism bands
at an angle of 90°, they form the Hunter-Schreger bands, HSB (also called banded
enamel; Preiswerk 1894, 1896). The prism bands are separated by the transitional zone
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(Wahlert 1989). In the longitudinal section of the enamel with the HSB, it is possible to
measure the inclination (Korvenkontio 1934), which is the angle between the prism bands
and the orthogonal to the EDJ. From the HSB evolved the irregular enamel (3-D enamel;
Pfretzschner 1994; Koenigswald and Sander 1997), composed of decussating bundles of
prisms in all three directions of space.

3.2. Morphometric analysis
3.2.1. Data collection
The occlusal surfaces of cheek teeth were photographed using the Keyence Digital
Microscope (specimens in the ZPAL collection) or DinoLite in case of specimens housed
in institutions other than ZPAL. The photographs taken with Keyence DM have embedded
scale, in contrast to the DinoLite Pro. For the teeth photographed with the Dinolite, the
trigonid (for lower cheek teeth) or anteroloph (for upper cheek teeth) width was measured
for scale, using a standard electronic caliper with an accuracy of 0.01 mm.
Because the occlusal surfaces of lagomorph teeth are nearly flat, a two-dimensional
(2D) landmark–based shape analysis was used. All photographs were converted into .tps
format using the tpsUtil 1.76 program (Rohlf 2015). It was then possible to open the files
in tpsDig 2.31 (Rohlf 2015), in which the scale was added, and landmarks and
semilandmarks were digitized. The first landmark is Bookstein’s landmark of the third type
(Bookstein 1991), indicating an extreme point of the shape of an analyzed structure. Then,
in order to digitize the shape of the tooth, semilandmarks were used. Semilandmarks are a
series of points along the homologous curves (Bookstein 1997). Because the shape
complexity of the occlusal surface differs between the teeth along the tooth row, varied
numbers of landmarks and semilandmarks were used to digitize each tooth type. Broken or
incomplete teeth were excluded from the shape analysis.
The first landmark of the P2 is situated at the lingual extreme-most point of the
lingual lobe. From this point a set of 98 semilandmarks was digitized following the margin
of the tooth (Figure 3 A-B). The unmolarized P3 has a more complex shape than the
molarized P3. Therefore, a set of 198 semilandmarks was digitized to map the shape,
starting with first landmark placed also at the lingual extreme point of the hypocone (Figure
3 C-D). In the case of the P4–M2, the first landmark is placed at the most lingually extended
point of posteroloph. From this point, a set of 98 semilandmarks was digitized (Figure 3 EF). Crescents and hypostrial lakes, if present, were also digitalized. The M3 in most of the
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Duplicidentata analyzed herein is reduced in its size and complexity, so to digitize the
shape, 48 semilandmarks were used. The first landmark was positioned at the most
lingually extended point of the tooth (Figure 3 G-H).

Figure 3. Transformation grids showing the position of the first landmark (red dot) and extreme shape changes of the
Figure 3.
upper teeth between the analyzed taxa. The dot (pointed by red thick arrow) indicates the location of the landmark for the
consensus shape for each tooth, and the line indicates the shift of the landmark associated with the particular shape change
(“lollipop graph”). The thin red arrow show the direction of landmarking. A-B. P2 in Lepus capensis (ZMB_Mam_81310;
A) and Prolagus oeningensis (NHMW 1996z0023/0001/1400; B); C-D. Molarized P3 in Lepus capensis
(ZMB_Mam_81336; C) and non-molarized Amphilagus antiquus (SMF 2009/148; D); E-F. P4 in Lepus capensis
(ZMB_Mam_81314; E) and Amphilagus antiquus (SMF 2009/156; D); G-H. M3 in Lepus capensis (ZMB_Mam_81343;
G) and Gobiolagus aliwusuensis (IVPP V 18500; H). Not to scale.
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The shape of the p3 in many species of Duplicientata is complex, so a set of 198
semilandmarks was used to map its shape (Figure 4 A-D). The first landmark is placed at
the most lingual extreme of the talonid. In case of species in which the anteroconid is
separated, for the purpose of this study, to not interrupt the continuous line of semilandarks,
it was treated as connected to the metaconid buccally. The digitization scheme of landmarks
and semilandmarks for the p4–m3 is the same. A set of 48 semilandmarks was used for the
trigonid and the talonid, respectively. The first landmark was digitized at the most lingually
extended point of the trigonid and the 50th at the analogous place on the talonid (Figure 4
E-G). The dataset of one tooth consequently groups the landmarks and semilandmarks
digitized on the trigonid and the talonid. Hypoflexids or hypoflexid lakes, which may occur
in some stem lagomorphs, were also digitized, if present. Prolagus spp. have an additional
column in the m2, which was excluded from the analysis because the homology of this
structure is still unresolved. For ochotonids, in which the talonid of the m3 is lost, a set of
49 landmarks and semilandmarks was digitized in one point in the midline of the distal
margin of the trigonid.
After landmarks and semilandmarks were digitized, the datasets containing the
shape coordinates for each tooth were imported into MorphoJ 1.06d (Klingenberg 2009,
2011).
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Figure 4. Transformation grids showing the position of the first landmark (red dot) and extreme shape changes of the
lower teeth between the analyzed taxa. The dot (pointed by red thick arrow) indicates the location of the landmark for
the consensus shape for each tooth, and the line indicates the shift of the landmark associated with the particular shape
change (“lollipop graph”). The thin red arrow show the direction of landmarking. A-D. p3 in Lepus capensis
(ZMB_Mam_81310; A), Desmatolagus gobiensis (ZPAL MgM-III/79/94; B), Prolagus oeningensis (NHMW
1996z0023/0001/1363; C), and Lagopsis verus (SNSB-BSPG 1993 IV 470; D); E-F. p4 in Lepus capensis
(ZMB_Mam_81336; E) and Amphilagus antiquus (SMF 2009/183; D); G-H. m3 in Lepus capensis (ZMB_Mam_81314;
G) and Ochotona alpina (ZMB_Mam_100477; H). Not to scale.
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3.2.2. Geometric morphometrics
Outliers, measurement errors, size, and shape variation. First, in order to detect
errors, the raw datasets with landmark configurations of each tooth were checked in
MorphoJ (Klingenberg 2011). If present, the outliers were detected using the cumulative
distribution of distances from the average shape vary between different teeth. The
Mahalanobis distances show the deviations of the observed shapes from the average. High
values of Mahalanobis distances indicate that some teeth in the datasets deviate strongly
from the average shape. An outlier has a higher Mahalanobis distance than the correctly
landmarked observations. If an outlier was found, and its error was a result of wrong coding
or scaling, it was landmarked or scaled again and the corrected dataset was opened in
MorphoJ again for verification.
To eliminate the information connected with size (for the Principal Component
Analysis and Canonical Variate Analysis), position, and orientation of each tooth in the
dataset, the Procrustes analysis was performed, aligning the individuals by the principal
axes (Slice 2007). This aligning setting finds the long and short axes of the average
configuration and rotates all the digitized shapes of each tooth respectively to the average
shape. After the Procrustes fit, the transformation grids were created, visualizing the shape
changes in different individuals according to the average shape (Figure 3-4).
In order to quantify the measurement error using the Procrustes ANOVA, the
photographs of Lepus capensis teeth were digitized twice. Because the datasets for each
tooth contain a large number of individuals (Table 6), it was decided to replicate only one
individual which is represented by all the teeth and the photographs were taken with the
DinoLite, so the measurement error is more probable, because the photographs were not
scaled automatically, in contrast to the Keyence DM.
The raw dataset after the Procrustes fit was used in the Procrustes ANOVA and
Canonical Variate Analysis because the latter requires large sample size for better
calculation of the variability inside each group. The Procrustes ANOVA requires nonaveraged dataset in order to calculate the asymmetries between the right and left sides in
the individuals in which it was possible: Dawsonolagus antiquus (specimen IVPP V7462),
Austrolagomys inexpectatus (specimen SNSB-BSPG 1926 X 14), and extant lagomorphs.
Aside of the asymmetries, the Procrustes ANOVA uses a non-averaged dataset to calculate
the measurement error. For this, all the replicates of Lepus capensis were compared in the
size and landmark configuration. Thus, any possible error in scaling and location of the
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landmarks could be noticed. If the pilot study would reveal that the error is negligible, the
replication of the whole dataset would not be necessary.
After the Procrustes ANOVA, the replicates of Lepus capensis and the left and right
sides were averaged in MorphoJ. Thus, one individual is represented by a single dot on in
the plots. This averaged dataset was used in order to run the Principal Component Analysis
and Regression Analysis. However, before running the PCA, a covariance matrix was
created. After all those preparations, it was possible to run all analyses.
Table 6. The number of teeth and individuals included in the datasets. The number of teeth includes the left and right
side of the individuals in which both sides were present and the double dataset of Lepus capensis. The number of
individuals refers to the actual number of individuals after the doubled Lepus capensis and the right and left sides were
averaged.

Number of
teeth

P2

P3

P4

M1

M2

M3

450

684

728

692

596

273

495

401

153

All
Number of
individuals

3 423
265

483

524

All

Number of
teeth

2 321

p3

p4

m1

m2

m3

728

852

890

697

451

514

290

All
Number of
individuals
All

3 618
522

653

681
2 660

Procrustes ANOVA. Procrustes ANOVA was performed to quantify the
measurement error, asymmetry, and variation among individuals. The coordinates from
each photograph were coded uniquely in order to create the following classifiers for various
effects: individual, species, and side (left and right). For the Procrustes ANOVA, the effects
of the individual and side were calculated. MorphoJ displays results of this analysis in two
tables: for the centroid size and shape. The effects are calculated for the individual
variation, the side variation, the individual by side interaction, and for the residual effect,
which is the measure of error calculated for the replicates (Lepus capensis replicates in all
datasets). For each of those effects, the sums of squares (SS), mean squares (MS), degrees
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of freedom (df), F statistics, and parametric P-values were calculated. The sums of squares
are the total variation are attributed to various factors. Mean squares are an estimation of
population variance, which determines whether different effects are significant. They are
computed with the total sums of squares and degrees of freedom. The latter are multiplied
by the shape dimension, so twice the number of landmarks minus 4. The F statistics show
rations of the mean square of each effect to the mean square of the respective error term.
So, the F value shows how much the effect of the fluctuating asymmetry exceeds the
measurement error. The statistical significance of each effect is calculated by the P-value
(Klingenberg et al. 2002).

Regression analysis and size correction. The regression analysis was performed
in order to see the influence of size on the shape of teeth and detect possible allometric
differences. The dependent variable represents the multivariate regression of shape
variables, and an independent variable is natural log-transformed centroid size, defined as
the square root of the summed squared distances from all landmarks to the configuration
centroid. It is a measure of scale for the landmark configuration (Mitteroecker and Gunz
2009). This analysis makes it possible to see whether the lagomorphs of similar sizes
occupy the same or different morphospaces. If the sampled lagomorphs include juveniles
and adults of the same species in different stages of teeth wear, the allometry could be
detected. Therefore, the regression scores were calculated, and the permutation test (10,000
permutation rounds) was run to see if the shape differences are statistically significant. For
a better interpretation of the graphic output of the regression analysis, the results were
segregated according to time and space. The 90% confidence ellipses show the variability
in shape among the species.
Because the dataset contains multiple taxonomic groups, systematics was
considered in the size correction. So, the size correction for the database was also based on
pooled within-group regression. It results in a reduction of shape variation within groups,
which may lead to an increase in the separation of groups. The results for non-pooled and
pooled within-group regressions were compared all together.

Principal component analysis (PCA). The Principal Component Analysis (PCA)
was performed to examine the interspecific differences in shape between the taxa for each
tooth separately. The PCA does not consider taxonomic categories, so it displays the
morphological relationships between the individuals and their respective groups. The 90%
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confidence ellipses show the shape variability among the groups. The non-averaged dataset
was run at once for all individuals but, for better data interpretation, the results are presented
in several graphs segregated according to the time and space.

Canonical variate analysis (CVA). Third method of the analysis of shape
differences between groups is the canonical variate analysis, which maximizes the
intergroup variation relative to intragroup variability (Albrecht 1980). The lagomorph
groups were created at the species level. To exclude non-significant intragroup variability,
small groups (n < 15) were removed from the database. For the CVA analysis, the database
with not averaged left and right sides was used to increase the intragroup variability. The
permutation test to calculate the statistical significance was performed. The distances
between the groups were calculated using Mahalanobis and Procrustes distances and for
both, the permutation test (10,000 permutation rounds) was performed to calculate the
statistical significance (Klingenberg and Montero 2005).

Shape changes through time. In order to compare the occupation of the
morphospace in different time intervals, all Duplicidentata species were grouped by their
geological age. Eight groups were created: Eocene (56–33.9 Ma), early Oligocene (33.9–
27.82 Ma), late Oligocene (27.82–23.03 Ma), early Miocene (23.03–15.97 Ma), middle
Miocene (15.97–11.63 Ma), late Miocene (11.63–5.33 Ma), Pliocene-Pleistocene (5.33–
0.01 Ma), and Holocene (less than 0.01 Ma). The temporal ranges follow the International
Chronostratigraphic Chart (v2020/01). The dating of the deposits where the lagomorphs
were found is based on previous descriptions of the localities. For the Erlian Basin in Asia
I follow Meng et al. (2004, 2007), and for the Valley of Lakes Ziegler et al. (2007), Erbajeva
and Daxner-Höck (2014), and Harzhauser et al. (2017). The numerous European localities
included in this work have mostly separate estimations of age for each place. Therefore,
the complete list of the references containing the age estimations for each locality is
provided in the Supplementary Information. In the case of Desmatolagus spp. described by
Sych (1975), almost all specimens of which are present in the collection of the Institute of
Paleobiology, Polish Academy of Sciences, the age correlation was difficult. Sych (1975)
separated the fossils according to the localities (Loh, ‘Khatan Khayrkhan’, Tatal Gol (lower
and upper beds separately), ‘Boongeen Gol’, ‘Ulan Ganga’, and ‘Nareen Bulak’) and
assigned the Oligocene age to them after Gradziński et al. (1968). Only for Loh it was noted
that the fossils were collected from the Hsanda Gol Formation. However, this identification
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is not compatible with the recently established Mongolian biozones. According to
Harzhauser et al. (2017), in Tatal Gol predominantly the Hsanda Gol Formation is
represented, but in the upper part there appears a thin occurrence of the Loh Formation.
The Hsanda Gol Formation represents Mongolian biozones zones A, B, C, C1, and C1-D.
Those zones are based on characteristic rodent assemblages, lithostratigraphic position and
geological age (Daxner-Höck et al. 1997; Höck et al. 1997). Gradziński et al. (1968) report
that they were collecting fossils from the whole section below and above a basalt layer (also
the section shows only a single layer of basalt), so it is probable that the fossils are from
the Mongolian biozones A or/and B (early Oligocene), because in the zone C two layers of
basalt occur (Erbajeva and Daxner-Höck 2014). In the Loh locality, both the Hsanda Gol
and Loh Formation are present (Erbajeva and Daxner-Höck 2014; Harzhauser et al. 2017).
Sych (1975) noted that the fossils were collected from the Hsanda Gol Formation, therefore
the fossils originate from the zone C1 (Harzhauser et al. 2017). The ‘Khatan Khayrkhan’
or Khatan Khairkhan locality was noted as the ‘middle Oligocene’ (Kowalski 1974) which
is estimated to span between 31–28 Ma (Vianey-Liaud et al. 2013), so it fits the Mongolian
biozone B. Other localities with Desmatolagus spp. remains were impossible to corelate
with the modern stratigraphic schemes used for the deposits in the Valley of Lakes, so the
specimens were not used in this study.
The database analyzed herein is dominated by Oligocene and Miocene species, so
those epochs were divided into sub-epochs. The durations of each time interval considered
for the analyses are of similar order, with the exception of the Eocene and Holocene: 6.08
Ma for the early Oligocene, 4.79 Ma for the late Oligocene, 7.06 Ma for the early Miocene,
4.34 Ma for the middle Miocene, 6.3 Ma for the late Miocene, and 5.32 Ma for the PliocenePleistocene. The Eocene represents the longest period of time (22.1 Ma); however,
Gobiolagus spp., Shamolagus medius, Strenulagus solaris, and Mytonolagus petersoni
represent the fauna of the middle Eocene (47.8–38 Ma; period of 9.8 million years).
Dawsonolagus antiquus and Gomphos elkema lived in the early Eocene (56–47.8 Ma), but
because they are not numerous in the study, those species were put together with the middle
Eocene species. No late Eocene lagomorphs are present in the database. The Holocene
represents the shortest period of time (0.01 Ma) containing recent species hunted or found
during the 19th and 20th centuries.

Completeness of the database. It is worth mentioning that the datasets for each
period of time and area do not contain all lagomorphs known so far. In order to calculate
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possible bias resulting from incompleteness of the database, the number of known
lagomorph genera from each time interval and geographic unit was calculated and
compared to the number of genera included. The taxonomy of lagomorphs still needs a
global review. Therefore, it was decided to use the number of genera instead of species
richness, assuming that, for instance, numerous currently accepted Desmatolagus species
(Erbajeva 2007; Erbajeva and Daxner-Höck 2014) may actually represent wear stages of a
single species, similar to Amphilagus species (Erbajeva 2013; Erbajeva et al. 2015; for
more, see the Appendix A). Such an overestimation of species richness, resulting from
unrecognized ontogeny, could indeed perturb the interpretation of the results. Opposite may
be true for the species currently assigned to Palaeolagus, which probably actually represent
more than one genus (Fostowicz-Frelik 2013). However, the database analyzed herein is
mostly focused on European and Asian lagomorphs and bears little information about the
North America lagomorph fauna. Therefore, because the species identification of the Asian
lagomorphs is biased rather as a result of erection of numerous species based on ontogenetic
or intraspecific differences, it was decided to count the number of genera to estimate the
completeness of the analyzed database (Supplementary Information). The number of
genera known from Asia, Europe and North America was counted from the literature, i.e.
Dawson (1958, 2008), Tobien (1974, 1975), Erbajeva (1988, 2007), Fostowicz-Frelik et al.
(2012a, 2015b), Erbajeva et al. (2015), and Čermák et al. (2015) the uncertain taxa were
not counted. The recent and extinct African and South American genera were not counted,
the analysis is limited to the Northern Hemisphere.
The counted genera were divided according to the sub-epoch or epoch in case of the
Pliocene-Holocene, and the continent where they lived. Therefore, e.g., the early Miocene
Amphilagus spp. found in Europe were counted separately from the ‘Amphilagus’ spp.
occurring in the same time, but in Asia. As noted in the Appendix A, the Asian
‘Amphilagus’ spp. may represent a separate genus. If the temporal range of some genus
extends beyond a single sub-epoch, as is the case of, e.g., Sinolagomys (its occurrence is
reported from the early Oligocene to the early Miocene; Erbajeva et al. 2017), it was
counted for each sub-epoch separately. The relationship between the number of all know
genera to the sampled genera was tested using Spearman's correlation, to test whether the
number of genera included in the morphometry analysis reflects the number of known
genera.
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Shape changes in space. The dataset presented herein is divided into three
geographic units: Europe, Asia and North America. The territories included are not of
comparable areas, which may influence the obtained data and is considered at the stage of
interpretation.
Most of the material comes from 33 localities in Central and West Europe (France,
Germany, Switzerland, Italy, Austria, Slovakia, Romania, Hungary and Poland; Figure 5).
Included are: six Oligocene, twenty two Miocene, six Pliocene, and two Pleistocene
localities.

Figure 5. Localities yielding the specimens included in the morphometric analysis.
European localities: 1. Paulhiac; 2. Coderet-Bransat; 3. La Grive; 4. Saint-Gérand-le-Puy; 5. Montaigu-leBlin; 6. Collonges near Lyon; 7. Boundry; 8. Hohenhowen; 9. Mühlrüti; 10. Steinheim, Eckingen, and
Herrlingen all near Ulm; 11. Wutherich near Bissingen; 12. Trenchtlingen; 13. Attenfield near Neuburg; 14.
Eichstätt; 15. Florsheim and Budenheim near Mainz; 16. Gundersheim; 17. Frankfurt am Main; 18.
Oberleichtersbach; 19. Großlangheim; 20. Grafenmühle; 21. Petersbuch; 22. Langenmosen; 23. Erkertshofen;
24. Aidenbach; 25. Gratkorn; 26. Korneuburger; 27. Richardhof Wald; 28. Ivanovce; 29. Villány; 30. Betfia;
31. Kamyk; 32. Węże; 33. Three localities in Sardinia.

The analyzed area for Asia is smaller, however, both are rich fossil-bearing
localities. For the Valley of Lakes in Mongolia, seventeen localities with the Oligocene–
Miocene fauna are included. The number of localities here is lesser than in Europe,
however, in one locality in the Valley of Lakes the fossil record documents a longer period
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of time and the lagomorphs from there are numerous and diverse (Erbajeva 2007). From
the Erlian Basin, six localities are included with the Eocene fauna. So far, the Erlian Basin
presents the best fossil record of the Eocene lagomorphs in the world (Meng et al. 2004).
In the case of North America, the dataset includes one middle Eocene and two late
Oligocene localities. The taxa from Badwater Creek and Douglas are represented by single
individuals, only Palaeolagus from White River is more numerous. Compared to Asia and
Europe, the fossil record of North American lagomorphs is not well represented in the
database.

3.3. Phylogenetic analysis
The present phylogenetic analysis of Duplicidentata is based on the matrix of
Fostowicz-Frelik and Meng (2013). However, the character definitions and states are herein
greatly changed, some of them were divided, modified, or extended. Additional characters
were taken from Asher et al. (2005), Fostowicz-Frelik (2013), Averianov and Lopatin
(2005), and Wible (2007) but also new features of tooth morphology and enamel
microstructure were added. The whole list of phylogenetic characters is provided in the
Supplementary Information.
In comparison with the dataset provided by Fostowicz-Frelik and Meng (2013),
Nesolagus timminsi Averianov et al., 2000 was removed, because I did not have access to
its skull and jaw. ‘Kenyalagomys rusingae’ was also deleted, because ‘Kenyalagomys’ is
now considered as junior synonym of Austrolagomys (Mein and Pickford, 2003). Instead,
Austrolagomys inexpectatus was added to the analysis. Moreover, the analysis is
considerably expanded with many extinct species: ‘Amphilagus’ magnus, ‘Amphilagus’
orientalis, ‘Amphilagus’ ulmensis, Amphilagus wuttkei, Bellatona yanghuensis,
Chadrolagus

emryi,

Desmatolagus

robustus,

‘Procaprolagus’

schizopetrus,

Procaprolagus vetustus, Eurolagus fontannesi, Gobiolagus tolmachovi, Gomphos elkema,
Hypolagus beremendensis, Lagopsis sp. from Steinberg, Lagopsis verus, Litolagus
molidens, Ochotona lagreli, Ordolagus teilhardi, ‘Palaeolagus’ hypsodus, ‘Palaeolagus’
burkei, ‘Palaeolagus’ hemirhizis, ‘Palaeolagus’ philoi, Piezodus branssatensis, ‘Piezodus’
tomerdingensis, Prolagus oeningensis, ‘Prolagus’ schnaitheimensis, ‘Shamolagus’
franconicus, Strenulagus solaris, and Titanomys visenoviensis. Four recent species were
added: Lepus europaeus, Romerolagus diazi, Oryctolagus cuniculus, and Ochotona
dauurica. For the outgroup, Eurymylus laticeps Matthew and Granger, 1925 was used, not
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Mimotona wana Li, 1977 as in Fostowicz-Frelik and Meng (2013). The outgroup was
changed, because in contrast to Mimotona wana, Eurymylus laticeps is not a member of
Duplicidentata, the relationships of which are a matter of this study. Eurymylus laticeps is
a member of the family Eurymylidae, considered the sister group to the Duplicidentata
(Asher et al. 2005).
The matrix contais 59 species and 131 characters. A traditional search (TBR; 10
000 replications, 999 trees saved per replication) was performed in TNT (Goloboff et al.
2008) with all characters unordered. The bootstrap values were calculated using default
settings with 1000 replications.
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4. The teeth of Duplicidentata: structure and
nomenclature
4.1. Tooth types
The nomenclature considering the mammalian tooth structure follows Koenigswald
(2011). The teeth with the crowns higher than wide or long, called hypsodont teeth (Van
Valen 1960) are widespread and diverse in mammals (Koenigswald 2011). In
Duplicidentata, the incisors are always hypsdont and rootless, called full hypsodont
(Tobien 1976) or superhypsodont (Martin 1993a). Because enamel covers only their
anterior surface, the incisors fall into the enamel-band hypsodonty type (Koenigswald
2011). The incisors are continuously growing (hypselodont, or euhypsodont; Mones 1982)
and their length is controlled by a balance between growth and wear, so their occlusal
surface position is constant (balanced wear; Martin 1993a).
The cheek teeth of the recent lagomorphs are high-crowned and rootless, so fully
hypsodont. In contrast, the brachyodont teeth are low-crowned and have roots.
Semihypsodont (also partial hypsodont; Tobien 1963) teeth are morphologically
intermediate between the hypsodont and brachyodont teeth. Their crowns are long, but
rudimentary roots are still present. This type of hypsodonty is common in the upper cheek
teeth of extinct lagomorphs with rooted teeth. The enamel height in these teeth is different
on the buccal and lingual sides of the crown (unilateral hypsdonty; Burke 1934). In those
taxa the lower cheek teeth can be hypsodont or even fully hypsodont. The enamel in the
lower cheek teeth and fully hypsodont upper cheek teeth covers high sidewalls (sidewall
hypsodonty; Koenigswald 2011). The primary occlusal surface is quickly worn away after
tooth eruption, so the occlusal surface of the cheek teeth is flat and cuspless. However, the
balanced wear is upheld, because the cheek teeth are erupting over a long period of time
(Koenigswald 2011).

4.2. Dental nomenclature
The terminology for dental morphologies varies for lagomorphs, especially because
there are still unresolved problems with the homology of the dental structures (Major 1899;
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Éhik 1926; Burke 1934; Wood 1940; Bohlin 1942a; Tobien 1974; McKenna 1982; López
Martínez 1985; Kraatz et al. 2010). The problem with cusps homologies is connected with
the fact that upper and lower teeth of extant lagomorphs have simple bilophodont
morphology, so it is difficult to understand their evolution from the tribosphenic pattern.
However, thanks to the discovery of Mimotonidae and Dawsonolagus antiquus, it was
possible to follow the changes in the tooth structure. Kraatz et al. (2010) proposed a
topological nomenclature for cusps in cheek teeth of Duplicidentata. Herein, this
terminology will be followed. However, the naming scheme of the lobes and flexids also
needs to be unified, so the nomenclature regarding teeth structures is systematized.

4.2.1. P2
The P2 in stem Lagomorpha is mostly trilobate, i.e., divided into the lingual, central,
and buccal lobe (Tobien 1974). However, the P2 of Ochotonidae and Leporidae is bilobate
and the widely used (Fostowicz-Frelik 2007a; López Martínez 2007; Čermák et al. 2015;
Ruedas et al. 2017) terms for the lobes are the hypercone (referring to the lingual lobe) and
lagicone (referring to the central and buccal lobes merged together). For the stem
Lagomorpha, in which the P2 is trilobate, the authors commonly use the terms lingual,
central, and buccal lobe (Dawson 1958; Fostowicz-Frelik and Tabrum 2009; FostowiczFrelik et al. 2012b). However, Angelone et al. (2014) used the name protocone referring to
the lingual lobe, lagicone for the central lobe, and postcone for the buccal lobe in her work
about Prolagus. According to Kraatz et al. (2010), the single buccal cusp of the buccal lobe
of the premolars should be considered a metacone. The lingual cusp of the lingual lobe
corresponds to the protocone. The central cusp of the central lobe is considered a
metaconule, based on its topographic position. This central cusp had been interpreted as
present only in the stem Lagomorpha, so only in the crown clades the buccal and lingual
lobes are present (Kraatz et al. 2010; Table 7). However, in the stem lagomorphs, e.g.,
Palaeolagus haydeni, it is not the central lobe which is reduced during wear of the tooth,
but the buccal lobe, so the lingual and central lobes are persistent. Because the cusp
interpretation of the P2 in some groups still remains problematic and the homologies are
not unambiguously recognized by some authors, herein the nomenclature including the
terms lingual, central and buccal lobe will be used for the trilobate P2, and the terms
hypercone and lagicone for the bilobate P2, as in most of the literature (Figure 6).
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Figure 6. The comparison of the P2 morphology in different lagomorphs (schematic occlusal view, mesial towards the
top of the page) with the terminology used in this study. A. Prolagus oeningensis showing a typical for stem Lagomorpha
trilobate structure of the P2; B. Austrolagomys inexpectatus showing a strong reduction of the lingual and buccal lobes;
C. Ochotona alpina; and D. Lepus europaeus, both showing bilobate structure of the P2. Not to scale.

The folds separating the lobes of the P2 were called synclines (Tobien 1974), folds
(Erbajeva 1988), reentrants (Dawson 1958; Fladerer 1987), or flexids (Palacios and López
Martínez 1980). Herein, the latter last convention will be used for all lagomorph taxa
(Figure 6; Table 7). The paraflexus lies between the lingual and central lobes, the
hypoflexus is a lingual groove on the lingual lobe, and the mesoflexus can be present as an
incision on the anterior (mesial) margin of the central lobe. The metaflexus separates the
central and buccal lobes, and it is easy to detect in trilobate P2. However, the term
‘metaflexus’ was also used to name the mesial depression of the lagicone (Ruedas et al.
2017). This is misleading, because if the bilobate P2 is composed of the lingual and either
the central or buccal lobe, the metaflexus should not be present.

Fladerer 1987

Erbajeva 1988

hypercone
(distal and
mesial)

lingual
lobus

internal
extreme
of the
tooth

central
lobe

central
element

lagicone

buccal
rhomboid
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Kraatz et al. 2010

Tobien 1974

lingual
lobe

Dawson 1958; White 1991;
Fostowicz-Frelik 2003

Dawson 1958; Fostowicz-Frelik
and Tabrum 2009; FostowiczFrelik et al. 2012b
Structures

Table 7. The terminology used for the P2 with comparisons to the nomenclature used in other publications.
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Flexids
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Cusps

outer
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protocone

protocone
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4.2.2. Non-molarized upper premolars
For the non-molarized premolars, due to the similarity of their structure to the
trilobate P2, in which the buccal lobe is not divided, the nomenclature used herein is the
same as for the P2 (Figure 7; Table 8). However, the lingual lobe of the unmolarized P3 in
Lagomorpha is mostly divided into two cusps: the protocone mesially and hypocone
distally (Kraatz et al. 2010). Similar to the P2, the central cusp on the central lobe can be
referred to as the metaconule, and the buccal cusp is considered to be the metacone. Such
cusp structure occurs in all non-molarized premolars.

Figure 7. The comparison of the P3 morphology in different lagomorphs (schematic occlusal view, mesial towards the
top of the page) with the terminology used in this study. A. Gobiolagus aliwusuensis showing the structure of the P3
similar to the P2, with only one buccal cusp present; B. Titanomys visenoviensis showing two buccal cusps; C. nonmolarized P3 of juvenile Palaeolagus haydeni showing closing of the mesoflexus. Not to scale.
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The trilobate unmolarized P3 is similar in the structure to the trilobate P2; however,
in the literature the lobes were named differently (Table 8). Because the cusps of the P2
and P3 being a part of the lophs are homologous, the terminology is the same herein. The
distal part of the P3 called either the distal hyperloph (López Martínez 1989), metaloph
(Erbajeva 1988), or hypoloph (Éhik 1926) is not distinguished here, because it is composed
of the distal parts of each of the lobes building the P3.
The flexids are similar to the P2: between the lingual and central lobe there is the
paraflexus, and between the central and buccal lobe the mesoflexus. Because the lingual
lobe has a second conid, a depression appears between the protocone and metacone, which
is called the hypoflexus.
Table 8. The terminology used for non-molarized upper teeth with comparisons to the nomenclature used in other
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López Martínez 1989b;
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Bair 2011
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4.2.3. Semimolarized and molarized upper teeth
Semi-molarized and molarized upper cheek teeth of Lagomorpha have a second
buccal cusp. The paracone appears mesially to the metacone. The hypocone, protocone,
and metacone have similar position in the semimolarized and unmolarized upper cheek
teeth. The metaconule, which is present on the central lobe of the unmolarized and
semimolarized teeth, is present behind the hypostria of the molarized upper cheek teeth
(Kraatz et al. 2010; Figure 8; Table 9).
The molars of the stem lagomorphs are composed of the trigon extending between
the protocone and paracone, and the postcingulum (= hypoconal shelf) spanning between
the hypocone and metacone (Meng and Wyss 2001; Averianov and Lopatin 2005;
Fostowicz-Frelik et al. 2015b). The postcingulum is a well-developed wear facet in the
stem Lagomorpha. According to Kraatz et al. (2010), its buccal part is homologous to the
wear facet 2 of Crompton (1971), and its lingual part to the wear facet 7 of López Martínez
(1985). In the semimolarized and molarized upper molars reduced postcingulum is present
on the distal wear facet of the teeth (Figure 8; Table 9).

Figure 8. The comparison of the molarized upper teeth morphology in different lagomorphs (schematic occlusal view,
mesial towards the top of the page) with the terminology used in this study. A. Gobiolagus aliwusuensis showing an
upper molar (M1) divided into the trigon and postcingulum; B. ‘Amphilagus’ ulmensis showing a semimolarized premolar
(P4), in which the lingual, central, and buccal lobes are distinguishable; C. Lepus europaeus showing a fully molarized
premolar (P4) with a deep hypostria. Not to scale.

In the semimolarized upper cheek teeth, the lingual, central, and buccal lobes are
still visible, but merge together into the paracone. Thus, as long as the three lobes are still
distinguishable, the nomenclature concerning them is the same as for the P2 and P3.
However, merging of the three lobes and closure of the internal flexids results in a
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deepening of the flexid between the hypocone and protocone. The two lobes separated by
the deep flexid are the anteroloph anteriorly and posteroloph posteriorly.
López Martínez (1974) proposed to name the internal flexid of the upper molars the
hypoflexid and hypostria as it was proposed for Castoridae (Stiron 1934), in which the
hypostria is a groove visible in lingually on the tooth, and the hypoflexus is the notch
created by that groove visible in occlusal view. Herein, it is proposed to use the hypoflexus
for a shallow depression between the protocone and hypocone, which is not marked
lingually. The hypostria, in turn, is a deep notch, reaching more than 50% of the tooth width
and clearly visible along the lingual side of the tooth. In the stem Lagomorpha, the hypostria
may become closed lingually, forming again the hypoflexus lingually and a hypostrial lake
inside the tooth, which usually disappears during wear.
The crescentic valley appears after mesial closure of the paraflexus. The distal part
of the crescentic valley corresponds to the talon basin, separating the postcingulum from
the metaconule. The mesial part is interpreted as the trigon basin, positioned between the
protocone and paracone. The crescentic valley does not disappear in fully molarized
molars, its remains are present at the end of the hypostria (Kraatz et al. 2010).
The mesofossette appears after the closure of the mesoflexus, between the central
and buccal lobes in semimolarized upper cheek teeth (López Martínez 1974; Angelone
2007). The ectoflexus is a depression between the protocone and metacone (Kraatz et al.
2010).
Table 9. The terminology used for molarized or semi-molarized upper teeth with comparisons to the nomenclature used
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Bair 2011
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4.2.4. p3
The p3 of lagomorphs underwent many structural changes, mostly because of the
addition of lophate structures, thus the derived morphology of the p3 in crown Lagomorpha
is not easily comparable to tribosphenic structures (Figure 9; Table 10). The Mimotonidae
have the p3 simple, composed of the trigonid with the protoconid and metaconid, and the
talonid having the entoconid and hypoconid. The stem Lagomorpha lost the metaconid, but
in the crown, the metaconid subsequently reappeared (Kraatz et al. 2010). The
protoconulid, an additional cusp of the p3, is present only in Prolagus spp. (López Martínez
2001).
Aside of the trigonid and talonid, the crown Lagomorpha have an anterior cusp, the
anteroconid. Wood (1940) suggested that this is a retained paraconid or a new structure as
in Rodentia. In rodents, the cingulum joins the protoloph, forming a crest structure named
the anteroloph (Flynn et al. 1986; Dashzeveg and Meng 1988; Meng and Wyss 2001). The
cingulum is present in some of the Oligocene lagomorphs, e.g., Amphilagus and
Desmatolagus species. However, in lagomorphs, the front structure of the tooth does not
form a crest, but a single conid: the anteroconid. Interestingly, in the Leporidae lineage, the
anteroconid is usually not well separated from the trigonid, but in the Ochotonidae it is well
separated, in some cases even completely. The exact relationship between the anteroconid
and the cingulum has not been studied yet, however, it is possible that in lagomorphs the
cingulum joined the trigonid and became the anteroloph, convergently to rodents (Wood
1940).
The talonid underwent significant changes in several ochotonid lineages. When the
trigonid is well-separated from the talonid, between the protoconid and hypoconid there
may appear a bridge called the protolophid or protoisthmid. In Prolagus spp. the protoconid
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and metaconid are not connected, but there develops a connection between the latter and
the entoconid (metaisthmus), thus the trigonid forms a branching structure. Between those
two connections, a lobe called the crochet may appear (Figure 9 K).

Figure 9. The comparison of the p3 morphology in different lagomorphs (schematic occlusal view, mesial towards the
top of the page) with the terminology used in this study. A. Desmatolagus gobiensis having the trigonid with only one
cusp; B. Desmatolagus simplex having only one cusp of the trigonid, but also the cingulum; C. Austrolagomys
inexpectatus with two cusps of the trigonid; D. ‘Amphilagus’ orientalis with two flexids on the lingual and buccal side of
the trigonid; E. juvenile Palaeolagus haydeni with subequal trigonid and talonid and open mesoflexid; F. adult
Palaeolagus haydeni after the closure of the mesoflexid; G. Lepus europaeus having the anteroconid with the
anteroflexid; H. Ochotona pallasi with the anteroconid clearly separated from the trigonid; I. ‘Prolagus’ schnaitheimensis
with the anteroconid completely distinct from the trigonid; J. Lagopsis verus with an additional lobe: protolophid; K.
Prolagus oeningensis with branching trigonid and an additional cusp. Not to scale.

The buccal flexid between the trigonid and talonid is called the hypoflexid, and on
the lingual side there is the mesoflexid. The mesoflexid or hypoflexid can close lingually
or buccally, respectively, forming the mesofossettid. The buccal flexid between the
anteroloph and trigonid is called the protoflexid, and at the lingual side: the paraflexid. The
anterior flexid on the anteroloph is the anteroflexid. In the branching p3 of Prolagus spp.
the flexid between the metaconid and protoconid is called the centroflexid. The
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nomenclature for Prolagus spp. follows López Martínez (1974, 1989b) and Angelone
(2007).

2015; Ruedas et al. 2017

Martínez 2007; Čermák et al.

Fostowicz-Frelik 2007a; López

Fladerer 1987

Tobien 1974, 1975

Angelone 2007; Hordijk 2010

López Martínez 1974, 1989b;

Dawson 1958; White 1991

Bair 2011

Structures

Wood 1940

Table 10. The terminology used for the p3 with comparisons to the nomenclature used in other publications.

Herein

trigonid

trigonid

trigonid

trigonid

trigonid

talonid

talonid

talonid

talonid

talonid

crochet

crochet
cingulum

anterior
reentrant
anteroexternal

Flexids

reentrant
posteroexternal
reentrant
anterointernal
reentrant
posterointernal
reentrant
protoconid

cingulum

anteroflexid
anterior buccal

protoflexid

hypoflexus/-id

paraflexus/-id

mesoflexus/-id
protoconid

reentrant angle
outer

major buccal

syncline

reentrant angle

column

anterior lingual

syncline

groove

inner

mesofossettid

mesofossettid

anteroflexid

anteroflexid

protoflexid

protoflexid

hypoflexid

paraflexid

mesoflexid

syncline
protoconid

protoconid

protoconulid

Cusps

buccal fold

hypoflexid

paraflexid
anterolingual
groove

mesoflexid
protoconid
protoconulid

metaconid

metaconid

metaconid

hypoconid

hypoconid

hypoconid

entoconid

entoconid

entoconid

anteroconid

anteroconid

metaconid
hypoconid

hypoconid

anteroconid

anteroconid

entoconid
schmelzband

4.2.5. p4–m3
The cusps of the p4–m2 (except the m2 of Prolagus spp.) make the application of
the tribosphenic nomenclature much easier (Figure 10; Table 11). The trigonid has the
protoconid lingually and the metaconid buccally. The talonid has the entoconid buccally,
the hypoconid lingually, and the hypoconulid, which transforms from a cusp into a loph
(Wood 1940; Tobien 1975; Kraatz et al. 2010). The expanded mesial portion of the talonid
(anterior projection of the talonid (Bair 2011)) replaced the mesoconid and mesostylid
(Kraatz et al. 2010).
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The m3 had underwent a reduction in the Lagomorpha. The stem taxa have all the
conids of the trigonid and talonid and bear a large hypoconulid. The hypoconulid
disappeared in the lineage leading to the crown Lagomorpha. However, in the lineages of
the Ochotonidae, it was reduced to a single talonid, and in some species even disappeared.
The nature of the third column of the m2 in Prolagus spp. been for a long time under
discussion. Because the m3 of the Oligocene–Miocene European lagomorphs, probable
ancestors of Prolagus spp., was reduced to a single conid, it was proposed that the trilobate
m2 of Prolagus is a result of an association of this single conid of the m3 to the m2 (Gureev
1964; Erbajeva 1988; Fostowicz-Frelik 2010). Erbajeva (1988) simultaneously pointed out
diagnostic features for the family ‘Prolagidae’ Gureev, 1960, and one of them is the absence
of the m3. However, most authors proposed that the m3 is indeed missing in Prolagus spp.,
as in their presumable ancestor, Piezodus spp. e.g. Dawson (1969), López Martínez (1974,
1989b), López Martínez and Thaler (1975), Tobien (1975) and Laplana et al. (2015), so
Tobien (1975) and Ringeade (1979) proposed that the third conid of the m2 is in fact the
hypoconulid of the m2. It is supported by the fact that the oldest Prolagus species (Prolagus
praevasconiensis Ringeade, 1979) have the m2 with a small hypoconulid, from which the
third lobe of the m2 was probably developed and served as a functional analogue of the
ochotonid single-conid m3 (Hordijk 2010).

Figure 10. The comparison of the p4–m3 morphology in different lagomorphs (schematic occlusal view, mesial towards
the top of the page) with the terminology used in this study. A. Bellatona yanghuensis, showing the trigonid separate
from the talonid; B. Lepus europaeus, showing the trigonid connected to the talonid by the lingual dental bridge; C.
Prolagus oeningensis, showing the third conid of the m2; D. ‘Shamolagus’ franconicus, presenting the hypoconulid; E.
‘Piezodus’ tomerdingensis, showing already closed hypoconulid forming the metaflexid lake. Not to scale.
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Between the protoconid and metaconid is located the hypoflexid. In FostowiczFrelik et al. (2012a) the hypoflexid was misinterpreted as a flexid between the hypoconid
and hypoconulid and the lake inside the talonid, which was formed after the hypoconulid
was closed, was called the hypoflexid lake. The metaflexid proposed by López Martínez
(1974) is a more appropriate term for the flexid positioned distally to the entoconid (Boivin
and Marivaux 2020). Thus, the closed hypoconulid forms a metaflexid lake.

2012a

Fostowicz-

Frelik et al.

Bair 2011

2010

Kraatz et al.

Erbajeva 1988

1974, 1989b

López Martínez

1975

Tobien 1974,

Wood 1940

Table 11. The terminology used for the p4–m2 with comparisons to the nomenclature used in other publications.

trigonid

trigonid

trigonid

trigonid

trigonid

trigonid

talonid

talonid

talonid

talonid

talonid

talonid

Herein

trigonid
talonid

Structures

lingual dental bridge
anterior

mesio-buccal

projection of

cusp

the talonid

hypoconulid
or posterior

distal fold

hypoconulid

talon

posterolophid

hypoconulid

hypoconulid

cingulum
mesoflexid

hypoflexid

Flexids

metaflexid

hypoflexid
hypoflexid

inner bay

hypoflexid
lake

metaflexid
metaflexid lake

outer bay

Cusps

protoconid

protoconid

protoconid

metaconid

metaconid

metaconid

hypoconid

hypoconid

hypoconid

entoconid

entoconid

entoconid
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5. Enamel microstructure in lagomorphs
The incisor enamel microstructure is an important feature in the Glires systematic,
compensating the rather uninformative morphology of the simple incisor structure (Tomes
1850; Korvenkontio 1934; Koenigswald 1985, 1995; Martin 1993, 1997, 1999). Rodents
show diverse microstructure of the incisor enamel (Koenigswald 1985; Martin 1997).
Duplicidentata, in contrast, show rather simple incisor enamel microstructure pattern,
where leporids have single-layered and ochotonids multilayered enamel (Koenigswald
1995; Martin 2004). However, so far not much attention was paid to the enamel
microstructure of the cheek teeth of Lagomorpha, the studies were mostly restricted to the
extant and few extinct species (Schmidt and Keil 1971; Koenigswald and Clemens 1992;
Patnaik 2002; Koenigswald et al. 2010b; Fostowicz-Frelik et al. 2012a; Rabiniak et al.
2017). Thus, the main goal of the study was to follow the changes in the enamel
microstructure of the cheek teeth leading to the appearance of the irregular enamel in the
cheek teeth of the crown lagomorphs. The research is restricted to the lagomorphs, because
Mimotonidae were not available for the thin sectioning.
The enamel of the primary shearing blades, i.e., the enamel of the mesial surfaces
of the upper cheek teeth and distal surfaces of the lower cheek teeth plays an important role
in the mastication cycle in Lagomorpha (Koenigswald et al. 2010b). Thus, the enamel there
attains the largest thickness, it is double layered, and the external layer (PE) underwent the
most significant changes in the prism complication. A special attention here is paid to the
changes in the enamel microstructure of the incisors and the primary (and secondary, if
present) shearing blades of the cheek teeth. The enamel microstructure complexity is
described in detail below, the thickness of the enamel and the PE is measured (Tables 12–
14), and finally, possible relations between the PE thickness and the enamel thickness of
the shearing blades is examined (chapter 5.14).

5.1. Shamolagus medius
Upper cheek teeth. M2?. The cross-section of the low-crowned tooth shows a
relatively thick (up to 196 μm; Table 13) enamel layer restricted to the lingual and mesiolingual part of the tooth (Figure 11). The enamel structure is uniform. The PI is much wider
than the PE and composed of radial enamel. The prisms in the PI are oriented at an acute
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angle to the IPM crystallites. The IPM surrounding the prisms is thick, so it is well-visible
between the prisms. The transitional zone between the PI and PE is gradual. The PE is thin
(46 μm, which is about 23% of the enamel thickness in the thickest place) and composed
of HSB. The thick IPM in the HSB is surrounding the prisms and oriented parallel to acute
to the prism direction. The prisms are rounded in the cross-section. The PLEX is absent.

Figure 11. The enamel microstructure of the M2 of Shamolagus medius (IVPP uncatalogued, field number: 09388-2
lay7b). A. Schematic drawing to the cross-sectioned tooth; B–D. Details of the enamel microstructure; B, D.
Schmelzmuster of the mesial (B, C) and lingual (D) part of the tooth; C. Detail of the PI, showing a thin layer of the HSB.

5.2. Desmatolagus gobiensis
Incisors. The upper incisor has very thin enamel layer measuring 27 μm (Table 12).
The upper incisor shows a single-layered radial enamel with the IPM oriented
perpendicular to the prism direction (Figure 12). The IPM anastomoses between the prisms.
The PLEX is absent.
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Figure 12. The cross- (A) and vertical (B) section of the upper incisor enamel of Desmatolagus gobiensis (ZPAL
MgM-III/79).

Upper cheek teeth. P4. Although the enamel is present on the buccal side, it is
thickest on the mesio-lingual side (225 μm). The enamel is double-layered, the PI is much
thicker than the PE (Figure 13). The transitional zone between the PI and PE is well-marked
on the mesial surface of the tooth, but less distinct on the lingual side of the tooth. The PI
is composed of radial enamel, in which the IPM is oriented at an acute angle to the prisms
close to the EDJ, but the angle between the IPM and prisms grows larger closer to the PE.
The latter is composed of the HSB with the IPM running perpendicularly to the prism
direction and anastomosing between them in the cross-section. The prisms are lanceolate
in the cross-section. The PE reaches 34% of the enamel thickness only on the mesial side,
on the lingual side it is thinner, and disappears already on the lingual-distal surface of the
tooth. The distal surface is composed only by a thin layer of radial enamel.
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Figure 13. The enamel microstructure of the P4 of Desmatolagus gobiensis (ZPAL MgM-III/82/uncatalogued). A.
Schematic drawing of the cross-sectioned tooth; B–D. Detail of the enamel microstructure; Schmelzmuster in the mesial
(B) and lingual (C) part of the tooth; lingual-distal (D) part of the tooth.

Lower cheek teeth. m1. The enamel is surrounding the whole tooth, except the
mesial surface. The enamel is thickest in the distal part of the trigonid (220 μm; Table 14).
In the thickest place, the enamel is double-layered, however, the transition between the PI
and PE is not well-marked (Figure 14). The PI is composed of radial enamel, with the IPM
running perpendicularly to the prism direction. The radial enamel undulates on the buccal
surface of the trigonid, below the thin PE. The PE is composed of the HSB in which the
IPM runs perpendicular to the prism direction. The IPM is thin and almost not visible in
the cross-section between the lanceolate prisms. The PE is thickest on the distal surface of
the trigonid, reaching 56% of the enamel thickness. However, it gets thinner (ca. 15– 20%
of the enamel thickness) on the buccal side of the trigonid and talonid. The PE reaches
about 20% of the enamel thickness on the bucco-distal surface of the talonid to 40% on the
linguo-distal surface of the talonid. The PE disappears on the mesial surface of the talonid
and the lingual surface of the m2. Thin PLEX is present.
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Figure 14. The enamel microstructure of the m1 of Desmatolagus gobiensis (ZPAL MgM-III/81/uncatalogued). A.
Schematic drawing of the cross-sectioned tooth; B–F. Detail of the enamel microstructure; B–D. Schmelzmuster on the
buccal tip (B) and distal (C-D) surface of the trigonid; E–F. Enamel of the buccal (E) and distal (F) surface of the talonid.

5.3. Mytonolagus
5.3.1 Mytonolagus ashcrafti
Incisors. The enamel of the upper incisor of Mytonolagus ashcrafti is weakly
preserved (Figure 15). The enamel layer is very thin (ca. 40 μm; Table 12) and composed
of single-layered HSB. In the longitudinal section, the HSB are inclined at about 45º. The
IPM runs at acute angle to the prisms which are oval in the cross-section. The prisms are
almost not visible in the thick IMP which surrounds them. Thin PLEX is present.
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Figure 15. The cross- (A) and longitudinal (B) section of the upper incisor of Mytonolagus ashcrafti (CM uncatalogued).

Upper cheek teeth. P4. The cross-section shows a thick (up to 356 μm) enamel
almost surrounding the tooth, with the exception of the buccal part of the tooth (Figure 16).
Enamel is also visible in the crescentic valley. In general, the enamel shows two-layered
organization. The PI is composed of radial enamel with prisms running perpendicular to
the IPM crystallites. The prisms are oval in the cross-section. The IPM is thick, and it
surrounds the prisms. The transitional zone between the PI and PE is not marked. The PE
is composed of weakly undulated HSB (104 μm, 29% of the enamel in the thickest place;
Table 13). The prisms are running perpendicular to the thick IPM. The PE is thickest on
the mesial surface of the tooth, on the lingual side it is ca. 20% of the enamel thickness,
and it disappears on the distal surface of the tooth. The enamel of the crescentic valley is
also double-layered in the thickest places (on the buccal and lingual surfaces), where the
PE reaches 20–30% of the enamel thickness. The PE disappears towards the mesial and
distal surfaces of the crescentic valley. Close to the OES, a thin (21 μm) layer of PLEX is
present.
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Figure 16. Mytonolagus ashcrafti (CM uncatalogued), P4 enamel microstructure. A. Schematic drawing of the crosssectioned tooth; B–D. Detail of the enamel microstructure, on the mesial (B) and buccal (C) sides of the tooth, and around
the crescentic valley (D).

5.3.2. Mytonolagus aff. petersoni
Incisors. The enamel of the upper incisor is thicker than in the lower, ca. 65 and 46
μm respectively (Table 12). In both incisors, the enamel is single-layered, composed of the
HSB in which the IPM surrounding the prisms is very thick (Figure 17). The HSB in the
upper incisor have the IPM acute to the prism direction, in the longitudinal section the
inclination is about 45º. A very thick layer of the IPM surrounds the prisms and runs parallel
to the prism direction in the lower incisor, making the distinction between the prisms and
IPM difficult. The prisms are oval in the cross-section. The PLEX is absent.
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Figure 17. The upper (A–B) and lower (C) incisor of Mytonolagus aff. petersoni (CM 16845 and CM 16036,
respectively). The cross- (A) and longitudinal (B) section of the upper incisor, and the cross-section (C) of the lower
incisor.

Upper cheek teeth. P4. A thick enamel layer (169 μm in the thickest point)
surrounds almost the whole tooth with the exception of the lingual surface (Figure 18). The
enamel is two-layered, only in the lingual part of the crescentic valley it is simplified to one
layer. It is composed of radial enamel with prisms oriented perpendicularly to the IPM
crystallites. The IPM is thick, forming well-visible but irregular and anastomosing plates
between the prism rows. The radial enamel of the PI is organized in the same way. The
transitional zone between the PI and PE is well-marked. The PE is composed of weakly
undulating HSB (50 μm, 30% of the enamel in the thickest place; Table 13). The IPM is
also thick, surrounding the prisms which run perpendicular to the IPM. The prisms are oval
in the cross-section. A thin layer of the PLEX (8 μm) is present between the HSB and OES.
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Figure 18. Mytonolagus aff. petersoni (CM 28874), P4 enamel microstructure. A. Schematic drawing of the crosssectioned tooth; B–D. Detail of the enamel microstructure; B, D. Schmelzmuster on the mesial (B) and buccal (C) sides
of the tooth, and in the crescentic valley (D) enamel.

Lower cheek teeth. m1. The enamel layer in the cross-section is very thick, up to
273 μm. It surrounds the talonid and trigonid with the exception of the mesial surface
(Figure 19). The enamel is two-layered, only the mesial surface of the talonid is covered
by single-layered enamel. It is composed of radial enamel with prisms oriented
perpendicular to the IPM crystallites. As in the upper premolar, the IPM is thick and
surrounds the prisms. The PE layer is thinner then the PI (40% of the enamel width; Table
14). The transitional zone between PI and PE is well-marked in the cross- and vertical
sections. The PE is composed of weakly undulating HSB with prisms surrounded by thick
IPM. The IPM in the HSB are so thick that the inclination of the HSB is not visible in the
vertical section. The oval in the cross-section prisms run perpendicular to the IPM. Thin
PLEX is present.
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Figure 19. Mytonolagus aff. petersoni (CM 16843), m1 enamel microstructure. A. Schematic drawing of the crosssectioned tooth; B–E. Detail of the enamel microstructure in the cross-section; B. Schmelzmuster of the buccal tip of the
trigonid; C. Enamel microstructure of the distal trigonid surface; D. Schmelzmuster of the lingual parts of the trigonid
and talonid; E. Enamel microstructure of the distal talonid; F. Vertical section of the trigonid.
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Table 12. The enamel microstructure of the incisors. For abbreviations, see Methods.
incisor

number
of
layers

enamel
thickness
(μm)

IPM in the radial
enamel

IPM in the HSB

% of the
HSB

PLEX

upper

1

27

perpendicular,
anastomosing

-

-

-

upper

1

40

-

-

+

upper

1

65

-

-

-

lower

1

46

-

-

-

upper

1

75

-

-

-

upper

1

56

-

-

-

lower

1

60

-

-

-

upper

1

47

-

-

-

upper

1

54

-

-

-

upper

1

53

-

-

+

upper

1

109

-

-

-

lower

1

224

-

-

-

upper

1

98

-

-

-

lower

1

195

-

-

-

upper

1

24

perpendicular,
surrounding

-

-

-

lower

2
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REIS

perpendicular,
surrounding

43

-

‘Piezodus’
tomerdingensis

lower

1

65

REIS

perpendicular

30

-

Sinolagomys sp.

lower

2

54

REIS

49

+

Prolagus sardus

upper

2

73

tangential enamel

50

+

lower

2

73

REIS

50

+

lower

1

61

-

perpendicular

-

+

lower

2
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REIS

perpendicular

40

-

Desmatolagus
gobiensis
Mytonolagus
ashcrafti
Mytonolagus
aff. petersoni
Megalagus
turgidus
Megalagus
brachyodon
Palaeolagus
haydeni
Palaeolagus
temnodon
Litolagus
molidens
Hypolagus
brachygnathus

Hypolagus
beremendensis

Titanomys
visenoviensis

Prolagus sp.
from Betfia
‘Palaeolagus’
burkei
‘Amphilagus’
ulmensis
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perpendicular,
anastomosing
perpendicular,
surrounding
perpendicular,
anastomosing
perpendicular,
anastomosing
perpendicular,
surrounding
perpendicular,
surrounding
perpendicular,
anastomosing
perpendicular,
anastomosing
perpendicular,
anastomosing
perpendicular,
anastomosing

perpendicular,
surrounding
radial enamel,
perpendicular,
surrounding
perpendicular,
anastomosing
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5.4. Megalagus
5.4.1. Megalagus brachyodon
Incisors. The upper and lower incisor have similar enamel thickness: 56 and 60 μm,
respectively (Table 12). Both also have single-layered enamel composed of HSB. In both
incisors, the IPM is thick (Figure 20). In the upper incisor, the IPM surrounds the prisms,
but in the lower incisor it anastomoses between them. The prisms are lanceolate and run
perpendicularly to the IPM in both incisors. The PLEX is absent.

Figure 20. The cross-section of the upper (A) and lower (B) incisor of Megalagus brachyodon (both CM uncatalogued).

Upper cheek teeth. M2. In the cross-section, the enamel is present on the mesiolinguo-distal surface of the tooth, and it surrounds the hypostrial lake. It is thickest mesially,
reaching 354 μm. Two-layered enamel is composed of radial enamel in the PI and the HSB
in the PE (Figure 21). In the PI, the prisms run perpendicularly to the IPM crystallites,
which surround the prisms. The transitional zone between the PI and PE is clear in the
cross- and vertical sections. The HSB in the PE are weakly undulated, composed of oval in
the cross-section prisms running perpendicularly to the IPM. The inclination angle is not
visible in the vertical section because of the very thick IPM. The PE on the mesial surface
of the tooth reaches 29% of the enamel thickness, and it is thickest there (Table 13). On the
lingual side of the tooth it is thinner, and disappears towards the distal surface. The enamel
surrounding the hypostrial lake is double-layered. The PI and PE have the same structure
as in the enamel surrounding the tooth. The proportion between the PI and PE is similar as
on the mesial surface of the tooth. Thin layer of the PLEX is present.
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Figure 21. Megalagus brachyodon (CM uncatalogued), M2 enamel microstructure. A. Schematic drawing of the crosssectioned tooth; B–E. Details of the enamel microstructure in the cross-section; B. Schmelzmuster of the mesial surface
of the enamel; C. Enamel microstructure of the lingual surface; D. Schmelzmuster of the enamel surrounding the
crescentic valley; E. Enamel microstructure of the distal surface of the tooth; F. Vertical section of the enamel of the
mesial surface of the tooth.

Lower cheek teeth. m1. Enamel surrounds almost the whole tooth, with the
exception of the mesial surface of the trigonid and distalo-lingual surface of the talonid
(Figure 22). It is thickest on the distal surface of the trigonid, measuring 315 μm. The
enamel is mainly two-layered, except of the surfaces covered by thin enamel (mesial
surface of the talonid). The single-layered enamel is built of radial enamel with prisms
oriented perpendicularly to the IPM crystallites. The IPM is thick and surrounds the prisms.
The same radial enamel occurs in the PI of the distal trigonid and talonid surface. The PE
is composed of the HSB, the thickness of which varies. The HSB layer is thin on the buccal
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tips of the trigonid and talonid (40 μm, 15% of the enamel in the measured place) and
thickest on the distal surface of the talonid (135 μm, 43% of the enamel in the measured
place; Table 14). The radial enamel does not undulate on the buccal tips of the trigonid and
talonid. The HSB are composed of oval in the cross-section prisms running perpendicularly
to the IPM. The inclination of the HSB in the longitudinal section is 50º, but it is not wellmarked because of the thick IPM. Thin PLEX is present.

Figure 22. Megalagus brachyodon (CM uncatalogued), m1 enamel microstructure. A. Schematic drawing of the crosssectioned tooth; B–E. Details of the enamel microstructure in the cross-section; B. Schmelzmuster of the buccal surface
of the trigonid; C, D. Enamel microstructure of the distal surface; E. Enamel microstructure of the buccal surface of the
talonid; F. Vertical section of the enamel of the distal trigonid.
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5.4.2. Megalagus turgidus
Incisors. The enamel of the upper incisor is quite thick, measuring 75 μm (Table
12). It is composed of single-layered HSB with lanceolate in the cross-section prisms
oriented perpendicularly to the IPM (Figure 23). The IPM is thick but does not surround
the prisms; it rather anastomoses between them. The HSB in the cross-section are
undulating. The PLEX is absent.

Figure 23. The cross-section of the upper incisor of Megalagus turgidus (AMNH F:AM 144261).

Upper cheek teeth. P4 and M1. In both teeth, enamel is restricted to their lingual
sides (Figure 24). The enamel is very thick, up to 304 μm. The schmelzmuster is the same
for both of the teeth. The PI is composed of radial enamel with prisms running
perpendicularly to the thick IPM which surrounds the prisms. The transitional zone between
the PI and PE is well-marked in the cross-section. Thin layer of the PE (66 μm, 22-24% of
the enamel thickness; Table 13) is composed of weakly undulated HSB. Similar as in the
PI, there the prisms are surrounded by thick IPM and oriented perpendicularly to the IPM.
The enamel on the lingual surface of the teeth is single-layered, the HSB disappear on the
distalo-lingual surface of the trigonid and talonid. The radial enamel on the lingual surface
is not undulated. On the distal surface, the enamel is also single-layered and radial. Thin
PLEX is present.
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Figure 24. Megalagus turgidus (AMNH F:AM 144261), P4 and M1 enamel microstructure. A. Schematic drawing of the
cross-sectioned teeth; B–D. Details of the enamel microstructure in the cross-section; B. Schmelzmuster of the lingual
surface of the P4; C. Enamel microstructure of the anterior surface of the M1; D. Schmelzmuster of the lingual part of
the M1.

Lower cheek teeth. p4. The enamel surrounds the whole tooth, except the
mesialmost surface of the trigonid (Figure 25). The enamel is very thick on the buccal tips
of both the trigonid and talonid: 304 μm. The enamel is two-layered; however, the thin
enamel layer covering the anterior part of the talonid is composed of radial enamel with
prisms running perpendicularly to the thick IPM. In the two-layered enamel, the PI is
similarly composed. The transitional zone between the PI and PE is present. The PE is build
of weakly undulated HSB with thick, anastomosing IPM oriented perpendicularly to the
oval in the cross-section prisms. The PE is thick (up to 126 μm in the thickest part; Table
14) on the distal and buccal surfaces of the tooth, constituting up to 41% of the enamel
thickness. Thick PLEX (28 μm) is present external to the HSB, but only on the distal margin
of the trigonid.
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Figure 25. Megalagus turgidus (AMNH F:AM 5658a), p4 enamel microstructure. A. Schematic drawing of the crosssectioned tooth; B–F. Detail of the enamel microstructure in the cross-section; B. Schmelzmuster of the buccal tip of the
trigonid; C. Enamel microstructure of the distal surface of the trigonid; D. Schmelzmuster of the buccal tip of the talonid;
E. Single-layered enamel of the anterior surface of the talonid; F. Enamel of the distal talonid.
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5.5. Palaeolagus
5.5.1. Palaeolagus intermedius
Upper cheek teeth. P3. Enamel is present on the mesial, lingual, and distal sides
of the tooth. It is thick on the mesial surface and lingual extremities of the anteroloph and
posteroloph (up to 246 μm). The enamel is single-layered in the hypoflexus between the
anteroloph and posteroloph and on the distal surface of posteroloph. It is radial with prisms
running perpendicularly to the IPM crystallites (Figure 26). Single layer of radial enamel
is also present on the buccal tips of the posteroloph and anteroloph. However, the radial
enamel slightly undulates from the middle of the enamel layer to the OES. Two-layered
enamel is clearly visible on the mesial surface of anteroloph. The PI is composed of radial
enamel of similar structure as in the single-layered enamel. The boundary between the PI
and PE is not clear, the transition is smooth. The PE, which constitutes up to 33% of the
enamel thickness (Table 13), is composed of the HSB with an inclination of 40º visible in
the vertical section. The IMP is thick, so the prism bands are not well-visible. The prisms
run perpendicularly to the IPM, which anastomoses between them in the cross-section. Thin
PLEX is present below the OES.
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Figure 26. Palaeolagus intermedius (AMNH F:AM 144262), P3 enamel microstructure. A. Schematic drawing of the
cross-sectioned tooth; B–E. Details of the enamel microstructure in the cross-section; B. Schmelzmuster of the mesial
surface; C. Enamel microstructure of the lingual surface of the anteroloph; D. Enamel inside the hypoflexus; E. Enamel
microstructure of the distal surface of the tooth; F. Vertical section of the enamel of the mesial surface of the tooth.

Lower cheek teeth. p4. The enamel is present on the buccal surfaces of the trigonid
and talonid. The enamel is thin and single-layered on the mesial surface of the talonid and
trigonid, and distal surface of the talonid (Figure 27). It is composed of radial enamel with
prisms running perpendicularly to the IPM crystallites. The double-layered enamel occurs
on other surfaces of the tooth. It is best visible on the distal trigonid, where the enamel is
the thickest (195 μm). The PI is composed of radial enamel with prisms oriented
perpendicular to the IPM crystallites. The boundary between the PI and PE is smooth. The
PE is thick, reaching 50% of the enamel thickness (Table 14) and composed of undulating
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HSB. The lanceolate prisms are oriented perpendicular to the IPM, which anastomoses
between them. The PE disappears on the buccal tip of the trigonid and talonid, and the
radial enamel undulates and reaches the OES. The PLEX is present.

Figure 27. Palaeolagus intermedius (AMNH F:AM 144263), p4 enamel microstructure. A. Schematic drawing of the
cross-sectioned tooth; B–E. Detail of the enamel microstructure in the cross-section; B. Schmelzmuster of the buccal
surface of the trigonid; C, D. Enamel microstructure of the distal surface; E. Enamel microstructure of the mesial surface
of the talonid; F. Enamel microstructure of the buccal surface of the talonid.
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5.5.2. Palaeolagus haydeni
Incisors. Palaeolagus haydeni has the lower incisor enamel entirely composed of
the HSB with prisms running perpendicularly to the IPM crystallites (Figure 28). The HSB
show lanceolate in the cross-section prisms. The enamel is 47 μm thick (Table 12).

Figure 28. The cross-section of the upper incisor of Paleolagus haydeni (UMICH 39689).

Upper cheek teeth. P3, P4, and M1. The enamel types building the enamel in all
three teeth are the same (Figure 29). The single layered enamel and the PI are composed of
radial enamel with prisms perpendicular to the IPM crystallites. The PE (which constitutes
up to 34% of the enamel thickness in the thickest point) is composed of HSB, which are
weakly undulated in the cross-section, and the inclination is not visible in the vertical
section. The enamel around the P3 is composed mostly of radial enamel, which undulates
close to the OES of the lingual and distal side of the tooth. Slightly undulated, thin layer of
the HSB occurs on the mesial surface of the tooth. The prisms run perpendicular to the
IPM, which is thick and surrounds them. The transitional zone between the PI and PE is
fuzzy. The enamel surrounding the hypostrial lake is composed of radial enamel, similar to
the thin layer of enamel surrounding the crescentic valley. The enamel surrounding the P4
is dominated by radial enamel. A thin layer of the HSB, ca. 30% of the enamel thickness
(Table 13), is present only on the mesial surface of the tooth. On the lingual and distal
surfaces of the tooth, the radial enamel is slightly undulating close to the OES. The
hypostrial lake and crescentic valley are not present in the analyzed cross-section of the P4.
The M1 has a similar schmelzmuster organization to that of P4. However, on the mesial
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surface the PE is thicker than in the corresponding place of the P4. A very thin layer of the
HSB can be also noticed in the enamel surrounding the hypostrial lake. Thin PLEX is
present in all the teeth below the OES.

Figure 29. Palaeolagus haydeni, upper teeth (P3 UMICH 40178; P4 UMICH 49045; M1 UMICH 40187). A. Schematic
drawing of the cross-sectioned tooth, P3. B. The enamel microstructure of the mesial surface of the P3 in the crosssection; C. The schmelzmuster of the lingual surface of the anteroloph of the P3; D. Enamel of the hypostrial lake of the
P3; E–F. The cross- (E) and vertical (F) sections of the mesial surface of the P4; G–H. The cross-section of the M1 of
the mesial (G) and buccal (H) surface.
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Lower cheek teeth. p4 and m1. The enamel surrounding the p4 and m1 has similar
structure and organization. The enamel is present on the buccal and distal surfaces of the
tooth (Figure 30). Single-layered enamel is present on the mesial and distal surfaces of the
talonid. The single-layered enamel and the PI is composed of radial enamel with prisms
running perpendicularly to the IPM crystallites. Undulating radial enamel is also present
on the buccal tips of the trigonid and talonid, close to the OES. The PE is present on the
distal margin of the trigonid, on the buccal side of the lingual bridge. It is composed of the
HSB with prisms running perpendicularly to the IPM, which anastomoses between them in
the cross-section. The prisms are oval in the cross-section. The transition from the PI to the
PE is sharp. The PE reaches 41% of the enamel thickness (Table 14) if present. It disappears
on the buccal tips of the trigonid and talonid. The PLEX is present.
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Figure 30. Palaeolagus haydeni, lower teeth (p4 AMNH F:AM 144265 and m2 UMICH 40198). A–F. p4; A. Schematic
drawing of the cross-sectioned tooth, p4; B. The enamel microstructure of the buccal surface of the p4 trigonid; C–D.
The schmelzmuster of the mesial surface of the trigonid of the p4; E. The enamel microstructure of the buccal surface of
the p4 talonid; F. The distal surface of the p4; G–H. The distal (G) and buccal (H) enamel of the m2 trigonid.
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5.5.3. Palaeolagus temnodon
Incisors. The upper incisor enamel shows HSB (Figure 31). The IPM is
perpendicular to the prism direction and surrounds the oval in the cross-section prisms. The
enamel layer of the upper incisor is thin (ca. 54 μm; table 12). The PLEX is absent.

Figure 31. The cross-section of the upper incisor of Paleolagus temnodon (CM uncatalogued).

Upper cheek teeth. P4 and M1. Both teeth present similar enamel microstructure
and organization (Figure 32). Enamel surrounds whole teeth except the buccal surface, it is
also present in the M1 around the hypostrial lake and crescent. The P4 was analyzed in two
cross-sections, with the hypostria and hypostrial lake, but both sections are without the
crescent. The single-layered enamel is radial with prisms oriented perpendicularly to the
IPM crystallites. It is present on the distal surface of the teeth and on the buccal tips of the
anteroloph and posteroloph. However, in the latter case, the radial enamel undulates close
to the OES. The IPM is thick and surrounds the prisms. The PI is composed of radial enamel
of a similar structure. The transitional zone between the PI and PE is clearly visible in the
cross- and vertical section. The PE is best developed on the mesial margin of the P4 and
M1 anteroloph, reaching 37-39% of the enamel thickness (Table 13). Around the crescentic
valley, hypostria, and hypostrial lakes, the PE is thinner in comparison to the PI. The PE is
composed of HSB, the inclination of which is also well-visible in the vertical section and
reaches 40º. The HSB are composed of prisms running perpendicular to the IPM, which
surrounds them in the cross-section. The layer of the PLEX is present under the OES.
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Figure 32. Palaeolagus temnodon, upper teeth (P4 and M1 CM uncatalogued). A. Schematic drawing of the crosssectioned tooth, M1. B. The enamel microstructure of the mesial surface of the M1 in the cross-section; C. The
schmelzmuster of the lingual surface of the anteroloph of the M1; D. The enamel of the hypostrial lake of the M1; E. The
enamel of the crescent in the M1; F. The enamel of the distal surface of the M1; G. The vertical section of the M1; H.
The cross-section of the P4 through the mesial surface of the tooth.

98

Enamel microstructure in lagomorphs

Lower cheek teeth. m1. Two m1 from different specimens were analyzed. One has
preserved enamel bridge, and in the second the bridge is not present, so the trigonid and
talonid are separate (Figure 33) indicating early wear stage. The tooth with the dental bridge
does not have enamel on the lingual surface. When the dental bridge is not present, the
trigonid and talonid are surrounded separately by a thick enamel layer. However, the pattern
of the enamel microstructure is similar in both teeth in the corresponding places. The singlelayered enamel is present on the mesial surface of the talonid, but its distribution is
restricted in the tooth without the dental bridge. If the dental bridge is present, the thin
single-layered enamel reaches farther, to the distalo-lingual margin of the trigonid. The
single-layered enamel is also present on the mesial surface of the trigonid and distal talonid
of both teeth. This layer is composed of radial enamel with prisms running perpendicularly
to the IPM crystallites. The radial enamel reaches the most pronounced buccal extremity of
the trigonid and talonid, close to the OES it slightly undulates. The PI is composed of the
same type of radial enamel. The transition from the PI to the PE is visible in the cross- and
vertical section. The PE is composed of HSB with an inclination of 40º. The HSB have
prisms oriented perpendicular to the IPM, which is thick and surrounds the prisms. The PE
is present and wide on the distal margin of the trigonid (reaching 34-37% of the enamel
thickness; Table 14), lingual surface of the trigonid and talonid (only in the tooth without
the dental bridge), and a short layer of the HSB can be detected on the distal margin of the
talonid, close to the buccal tip. Thin PLEX is present on the distal surface of the talonid.
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Figure 33. Palaeolagus temnodon, lower teeth (two m1 CM uncatalogued). A. Schematic drawing of the cross-sectioned
tooth, m1. B–E. The m1 specimen with preserved enamel bridge. B. The enamel microstructure of the buccal surface of
the trigonid; C. The schmelzmuster of the distal surface of the trigonid; D. Enamel of the buccal surface of the talonid;
E. Enamel of the lingual side of the talonid; F. The enamel of the distal surface of the trigonid in the vertical section; G–
H. The second m1 specimen, lacking the enamel bridge. The distal (G) and buccal (F) enamel of the trigonid.
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5.6. Chadrolagus emryi
Lower cheek teeth. p4 and m2. Both of the lower cheek teeth exhibit a similar
enamel organization (Figure 34). The one-layered enamel is present only on the mesial
surface of the talonid and mesial surface of the p4 trigonid. It is composed of radial enamel
with prisms oriented perpendicularly to the IPM crystallites. The PI in the double-layered
enamel, which is present on the other surfaces of the tooth, has the same structure. The PE
is composed of weakly undulated HSB, in which the prisms run perpendicular to the IPM,
which is thick and surrounds them. The inclination in the vertical section is ca. 40º. In the
cross-section, the PE on the buccal tips of the trigonid and talonid is reduced, so the radial
enamel reaches the OES at the most prominent point. The PE is thickest on the distal margin
of the trigonid, measuring 201 μm, so ca. 51% of the enamel thickness at the measured
point (Table 14). The PLEX is present, measuring ca. 15 μm.
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Figure 34. Chadrolagus emryi, lower teeth (both CM uncatalogued). A. Schematic drawing of the cross-sectioned tooth,
m2. B. The enamel microstructure of the buccal surface of the trigonid; C–D. The schmelzmuster of the distal surface of
the trigonid; E. The enamel of the buccal surface of the talonid; F. The enamel of the distal surface of the talonid; G. The
enamel microstructure of the buccal surface of the trigonid of the p4 in the cross-section. H. The vertical section of the
enamel of the distal margin of the m2 trigonid.
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5.7. Litolagus molidens
Incisors. The incisor enamel of Litolagus molidens is built of single-layered HSB,
53 μm thick (Table 12). The HSB are composed of lanceolate prisms running
perpendicularly to the thick IPM which surrounds them in the cross-section (Figure 35).
Thin PLEX is present below the OES.

Figure 35. The upper incisor in the cross-section of Litolagus molidens (AMNH F:AM 144264).

Upper cheek teeth. P3. The enamel surrounding the P3 is composed of radial
enamel in the PI and a thin layer of the PE (Figure 36). The PI is composed of radial enamel
with prisms oriented perpendicularly to the IPM crystallites. The IPM is thick and it is
surrounding the prisms. The transition between the PI and PE is smooth in the cross-section.
The PE is composed of weakly undulating HSB with thick IPM surrounding the prisms,
which run perpendicularly to the IPM. The double-layered enamel is best visible on the
mesial surface of the tooth, where the enamel is thickest (up to 140 μm), as the PE,
constituting 32% of the enamel thickness (Table 13). The buccal part of the anteroloph is
composed exclusively of radial enamel. The enamel surrounding the hypostria is thinner,
but also two-layered; however, the PE is very thin. The enamel of the buccal side of the
posteroloph is similar in structure to the enamel of the buccal side of the anteroloph. The
distal enamel is entirely radial.
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Figure 36. The P3 of Litolagus molidens (AMNH F:AM 105994) in the cross-section. A. Schematic drawing of the crosssectioned tooth; B. The enamel microstructure of the mesial surface of the tooth; C. The schmelzmuster of the lingual
side of the anteroloph; D. The enamel of the hypostria; E. The enamel of the lingual posteroloph; F. The enamel
microstructure of the distal surface of the tooth.

5.8. Hypolagus
5.8.1. Hypolagus brachygnathus
Incisors. The enamel of both the upper and lower incisor is a single-layer of the
HSB (Figure 37). The prisms are oriented perpendicularly to the IPM, which surrounds
them. The enamel of the upper incisor is much thinner than that of the lower one, 109 μm
and 224 μm, respectively (Table 12). The HSB are also more undulating in the lower incisor

104

Enamel microstructure in lagomorphs

than in the upper. The vertical section of the lower incisor shows 43° of the HSB
inclination. The PLEX is absent.

Figure 37. Hypolagus brachygnathus (ISEZ uncatalogued) vertical section of the upper incisor (A), and cross- (B) and
vertical (C) section of the lower incisor.

Upper cheek teeth. P2. The enamel layer is thickest on the hypercone and lagicone,
however, the enamel is different in those places. The lagicone schmelzmuster is composed
of irregular enamel in the PE and radial enamel in the PI (Figure 38). The layer of irregular
enamel is two times thinner than the internal enamel layer. In the latter, the IPM crystallites
are perpendicular to the prism direction. External to the irregular enamel, the PLEX is
present. The schmelzmuster in the hypercone is composed of radial enamel in the PI with
prisms running perpendicularly to the IPM crystallites. The PE is built by the HSB with
prisms running also perpendicularly to the anastomosing IPM. The distinction between the
PI and PE is not clear. Thin PLEX is present external the HSB. The schmelzmuster in the
paraflexus is thin and composed only of radial enamel with prisms running perpendicularly
to the IPM crystallites on the buccal side. The opposite side of the paraflexus is composed
of radial enamel and a thin layer of irregular enamel in the PE. The enamel of the
mesoflexus is composed of radial enamel with prisms running perpendicularly to the IPM
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crystallites in the PI and HSB in the PE. The HSB has prisms directed in the same way as
in the PI, however IPM anastomoses frequently. The distal enamel layer is thin and
composed entirely of radial enamel with prisms parallel to the IPM crystallites.

Figure 38. Hypolagus brachygnathus (ISEZ uncatalogued) cross-section of the P2. A. Schematic drawing of the crosssectioned tooth; The enamel microstructure of the hypercone (B), paraflexus (C), mesial lagicone (D), distal lagicone (E)
and distal P2 (F).

P3 and M2. The enamel is thickest on the mesial surface of the tooth (up to 217
μm), composed of radial enamel in the PI and irregular enamel in the PE (Figure 39 B-C
and E-F). The latter comprises around 48% of enamel thickness (Table 13). Their enamel
is composed of the HSB in the PE and radial enamel in the PI. The prisms are running
perpendicularly to the IPM crystallites in the radial enamel and the HSB. The prisms are
oval in the cross-section. The enamel of the lingual tips of the anteroloph and posteroloph
is also double-layered, but the PE is thinner. The enamel surrounding the hypostria is radial
in the PI. The PE on both sides of the hypostria is composed of irregular enamel. The
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enamel of the distal posteroloph is entirely radial with prisms running at an acute angle to
the IPM crystallites. The PLEX is absent. The enamel is lacking on the buccal side of the
teeth.

Figure 39. The enamel microstructure of Hypolagus brachygnathus (ISEZ uncatalogued) M1 (B-C and E-F) and
Hypolagus beremendensis (ISEZ uncatalogued) P4 (D). A. Schematic drawing of the cross-sectioned tooth; The enamel
microstructure of the mesial anteroloph in cross- (B) and vertical (C) section in Hypolagus brachygnathus, and crosssection in Hypolagus beremendensis (D). Hypolagus brachygnathus schmelzmuster at lingual anteroloph (E) and
hypostria (F).

Lower cheek teeth. p3. The enamel layer is thickest on the distal trigonid,
composed of thick PLEX, irregular enamel in the PE, and radial enamel with prisms
running perpendicularly to the IPM crystallites in the PI (Figure 40). On the opposite side
of the hypoflexid, the enamel of the mesial talonid is much thinner and entirely radial. The
prisms run perpendicularly to the IPM crystallites. The enamel of the buccal surface of the
trigonid and anteroconid is double-layered. The PE is composed of irregular enamel for the
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trigonid and the HSB for the anteroconid. The prisms run perpendicular to the IPM
crystallites. Thin PLEX is present external to the IPM and HSB. The enamel of the
paraflexid is composed of radial enamel with prisms running perpendicularly to the IPM
crystallites. The enamel of the anteroconid is radial in the PI and composed of weakly
undulated HSB in the PE. In both layers the prisms turn perpendicularly to the IPM
crystallites. The buccal and distal talonid enamel is radial with prisms perpendicular to the
IPM crystallites. The PLEX is present. The enamel is absent on the lingual side of teeth.

Figure 40. Hypolagus brachygnathus (ISEZ uncatalogued) cross-section of the p3. A. Schematic drawing of the crosssectioned tooth; The enamel microstructure of the anteroconid (B), protoflexid (C), distal trigonid (D-E), and distal
talonid (F).
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Lower cheek teeth. p4 and m1. The enamel layer is thickest on the posterior
trigonid (ca. 246 μm), where it is composed of radial enamel with prisms running
perpendicularly to the IPM crystallites in the PI and of irregular enamel in the PE (up to
44% of the enamel thickness; Table 14). The buccal tips of the trigonid and talonid have
similarly composed enamel (Figure 41 B-C and E-F). The mesial trigonid enamel is radial
with prisms running perpendicularly to the IPM crystallites. The distal talonid enamel has
the same microstructure. The PLEX is absent. There is no enamel on the lingual side of the
teeth and mesial trigonid. The m1 shows the distal trigonid enamel with radial enamel in
the PI composed of prisms running perpendicularly to the thin IPM, and irregular enamel
in the PE. The PLEX is absent.

Figure 41. The cross-section of the p4 of Hypolagus brachygnathus (ISEZ uncatalogued; B-C and E-F) and the m2 of
Hypolagus beremendensis (ISEZ uncatalogued; D). A. Schematic drawing of the cross-sectioned tooth; The enamel
microstructure of the buccal trigonid (B), distal trigonid (C-D), lingual dental bridge (E), and buccal talonid (F).
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5.8.2. Hypolagus beremendensis
Incisors. The incisors have enamel microstructure similar to that of Hypolagus
brachygnathus (Figure 37). The enamel is single-layered, composed of undulating HSB in
both the upper and lower incisor (Figure 42). The HSB is composed of prisms running
perpendicularly to the IPM. The lower incisor enamel is thicker, (195 μm) than the upper
(98 μm; Table 12). In the vertical section, the inclination of the HSB is 45º. The PLEX is
absent.

Figure 42. Hypolagus beremendensis (ISEZ uncatalogued) cross-section of the upper (A), lower (B) incisor, and the
vertical section of the lower incisor (C).

Upper cheek teeth. P3 and P4. Both teeth share the same enamel microstructure.
The enamel is thickest on the mesial surfaces of the teeth (up to 219 μm). It is doublelayered, with radial enamel in the PI and irregular enamel in the PE (reaching up to 48% of
the enamel thickness in the thickest place; Table 13). The layers are comparable in
thickness. The radial enamel is composed of prisms running perpendicularly to the IPM
(Figure 39 D). The irregular enamel disappears on the lingual side of the tooth, on the
110

Enamel microstructure in lagomorphs

lingual tips of the anteroloph and posteroloph, and inside the hypostria. The enamel is
single-layered on the distal margins of the teeth. In the places where the enamel is singlelayered, it is radial with prisms running perpendicularly to the IPM. The PLEX is absent.
The enamel is absent from the buccal surface of the teeth.
Lower cheek teeth. m2. The enamel is thickest on the distal surface of the trigonid,
measuring 188 μm. It is double-layered there, irregular in the PE and radial in the PI (Figure
41 D). The radial enamel is composed of prisms running perpendicularly to the IPM. The
buccal tip of the trigonid is missing, but on the buccal tip of the talonid a thin layer of the
HSB composed of prisms running perpendicularly to the IPM is present in the PE.
However, the PE on the distal surface of the trigonid reaches 40% of the enamel width
(Table 14), and on the buccal tip it the trigonid it is thinner. The PI and the single-layered
enamel are radial with prisms running perpendicularly to the IPM. The single-layered
enamel is present on the distal and lingual talonid and a very thin layer is also present on
the mesial talonid. The PLEX is absent. The enamel is absent on the mesial surface of the
talonid.

Table 13. The enamel microstructure of the upper cheek teeth measured on the mesial side of the upper cheek teeth,
where the enamel is thick and well developed. For abbreviations, see Methods.

Shamolagus
medius
Desmatolagus
gobiensis
Mytonolagus
ashcrafti
Mytonolagus
aff. petersoni
Megalagus
turgidus
Megalagus
brachyodon
Palaeolagus
intermedius
Palaeolagus
haydeni
Palaeolagus
temnodon
Litolagus
molides
Hypolagus
brachygnathus
Hypolagus
beremendensis

tooth

tooth type

enamel
thickness
(μm)

M2

semihypsodont

196

P4

semihypsodont

225

P4

semihypsodont

356

P4

semihypsodont

170

P4
M1

304
semihypsodont

276

M2

semihypsodont

354

P3

hypsodont

246

P3
P4
M1
P4
M1
P3
P3
M1
M2
P3
P4

semihypsodont
semihypsodont
hypsodont
hypselodont
hypselodont

183
214
190
164
238
140
217
199
202
188
219

PI

IPM in the PI

radial
enamel
radial
enamel
radial
enamel
radial
enamel
radial
enamel

acute,
surrounding
perpendicular,
surrounding
perpendicular,
surrounding
perpendicular,
surrounding
perpendicular,
surrounding

HSB

radial
enamel
radial
enamel

perpendicular,
surrounding

HSB

perpendicular

HSB

radial
enamel

perpendicular,
surrounding

HSB

radial
enamel
radial
enamel

perpendicular,
surrounding
perpendicular,
surrounding

radial
enamel

perpendicular

irregular
enamel

-

radial
enamel

perpendicular

irregular
enamel

-
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PE

HSB
HSB
HSB
HSB

HSB
HSB

IPM in the PE
parallel-acute,
surrounding
perpendicular,
anastomosing
perpendicular,
surrounding
perpendicular,
surrounding
perpendicular,
surrounding
perpendicular,
surrounding
perpendicular,
anastomosing
perpendicular,
anastomosing
perpendicular,
surrounding
perpendicular,
surrounding

%
of
the
PE
23
34
29
30
22
24
29
33
32
28
34
37
39
32
43
46
48
46
48
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Titanomys
visenoviensis
‘Palaeolagus’
burkei
‘Palaeolagus’
hypsodus
‘Amphilagus’
ulmensis

P3
M2

semihypsodont

227
153

M1

hypsodont

207

M1

hypsodont

176

P3

semihypsodont

234

radial
enamel
radial
enamel
radial
enamel
radial
enamel

perpendicular,
surrounding
perpendicular,
surrounding

20
38

irregular
enamel

-

43

HSB

perpendicular,
surrounding

31

perpendicular

HSB

perpendicular

HSB

perpendicular
perpendicular,
surrounding

43

5.9. Titanomys visenoviensis
Incisors. The lower incisor enamel is thicker than the upper, measuring 85 and 43
μm, respectively (Table 12). The enamel of the upper incisor is single-layered, composed
of radial enamel with prisms running perpendicularly to the IPM. The enamel of the lower
incisor is double-layered (Figure 43). The PI is composed of REIS, in which the prisms are
oriented perpendicular to the IPM, which forms inter-row sheets. The PE is composed of
the HSB, in which the prisms are also oriented perpendicular to the IPM, which is
surrounding them. The inclination angle in the vertical section of the HSB is 40º. In the
cross-section, the HSB does not undulate. The PE takes ca. 43% of the enamel thickness.
The PLEX is absent.

Figure 43. Titanomys visenoviensis, the cross-section of the upper incisor (A, SMNS 47801.117) and cross- (B) and
vertical (C) section of the lower incisor (SMNS 47801.116).
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Upper cheek teeth. P3 and M2. The enamel is present on the mesial, lingual, and
distal sides of both the P3 and M2 (Figure 44). It is also present around the crescent, which
is closed in the P3, but open in the M2. The hypoflexus is deeper in the M2 than in the P3.
In both, the enamel is thickest on the mesial side of the tooth (up to 227 μm; Table 13). It
is double-layered there, the PI is composed of radial enamel with prisms running
perpendicularly to the IPM plates which anastomose and are thinner than the oval in the
cross-section prisms. External, a thin layer of HSB is present (PE, which comprises 38%
of the enamel thickness). The HSB is composed of prisms running perpendicularly to the
IPM. The enamel on the buccal tip of the anteroloph has a very thin layer of the HSB, but
between the radial enamel and HSB there appears a thin sub-layer of the PI with undulating
radial enamel. This sub-layer does not continue around the hypostria. The deep hypostria
of the M2 is composed of non-undulating radial enamel in the PI and HSB in the PE. The
HSB disappears quickly in the enamel positioned in the deep hypostria. The enamel
surrounding the posteroloph of the P3 and M2 is also double-layered and the PI with radial
enamel is much thicker then the PE with the HSB. This schmelzmuster organization
continues towards the distal enamel. The crescent in both the P3 and M2 is also lined with
the double-layered enamel composed of a thick layer of the PI with radial enamel in which
the prisms are running perpendicularly to the anastomosing IPM plates, and thin PE with
HSB.
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Figure 44. Titanomys visenoviensis, the cross-section of the upper cheek teeth (P3 SMNS 47801.118 and M2 SMNS
47801.119). A. Schematic drawing of the cross-sectioned tooth, P3; B. The enamel microstructure of the lingual surface
of the P3; C. The enamel of the mesial surface of the P3; D. the enamel surrounding the hypoflexus of the M2; E–F. The
enamel of the crescentic valley of the P3 (E) and M2 (F).

Lower cheek teeth. m1 and m2. Both the m1 and m2 share the same
schmelzmuster organization (Figure 45). The enamel is absent only on the mesial side of
trigonid. In general, the enamel is very thick, especially on the distal margin of the trigonid
(232 μm; Table 14) and buccal tips of the trigonid and talonid. The microstructure in those
places is similar. It is composed of two layers: radial with prisms running perpendicularly
to the IPM in the PI and a thin layer of the HSB in the PE, constituting only 28% of the
enamel thickness. The IPM is thick and surrounds the prisms which are lanceolate in the
cross-section. On the buccal tips of the trigonid and talonid, the radial enamel under the
HSB undulates. Double-layered enamel is also present around the talonid, with the
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exception of the thin enamel layer on the mesial side of the talonid, where it is singlelayered and radial only. The PLEX is absent.

Figure 45. The enamel microstructure of the m2 of Titanomys visenoviensis (SMNS 47801.65). A. Schematic drawing
of the cross-sectioned tooth, m2; B–D. The enamel microstructure of the buccal (B) and distal (C) trigonid, and buccal
talonid (D).

5.10. Sinolagomys sp.
Incisors. The lower incisors have thin enamel layer: 54 μm. The lower incisor is
double-layered (Figure 46). The transitional zone between the PI and PE is fuzzy. The PI
is composed of REIS with the IPM forming plates between the prism rows and running
perpendicularly to the prism direction. The HSB in the PE are composed of the IPM also
running perpendicularly to the prism direction. The PE is about 49% of the enamel
thickness of the lower incisor (Table 12). The IPM in the HSB anastomose between the
prisms and surround them. The prisms are lanceolate in the cross-section. A very thin PLEX
is present.
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Figure 46. The cross-section of the lower incisor enamel of Sinolagomys sp. (MgM-III/79/uncatalogued).

5.11. Prolagus
5.11.1. Prolagus sardus
Incisors. The upper incisor is double-layered, 73 μm thick (Table 12; Figure 47).
The PI is composed of tangential enamel, and the PE is build of radial enamel. The PE
reaches 50% of the enamel thickness. The prisms in the radial enamel are oriented
perpendicularly to the IPM, which surrounds the prisms. Thin PLEX is present.

Figure 47. The cross-section of the upper incisor of Prolagus sardus (unknown collection and number).
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5.11.2. Prolagus sp. from Betfia
Incisors. The lower incisor enamel of Prolagus sp. from Betfia is double-layered,
measuring 77 μm. The PI is composed of REIS (Figure 48). The prisms are oval in the
cross-section. The PE constitutes ca. 59% of the enamel thickness (Table 12) and it is
composed of the HSB, which slightly undulate closer to the OES in the cross-section. In
the vertical section, the HSB show 40º of inclination. The PLEX is present.

Figure 48. The cross- (A) and vertical (B) section of the lower incisor of Prolagus sp. from Betfia (ZPAL uncatalogued).

Lower cheek teeth. p3. The enamel of the p3 is mainly double-layered (Figure 49
B-C). It is composed of the PI with two sublayers and irregular enamel in the PE. The PI is
composed of REIS internally and radial enamel below the PE. The irregular enamel is
present around almost the whole surface of the p3, excluding only the distal anteroconid
surface and distal endings of the flexids. The radial enamel with two sublayers, REIS and
radial enamel, is present around all the structures of the p3, even in places in which the
enamel is thin. The PLEX is absent.
Lower cheek teeth. p4–m2. In both teeth the enamel is thickest on the distal
trigonid and talonid and double-layered (up to 149 μm). The PI is composed of REIS, and
external to it, radial enamel with the IPM plates running perpendicularly to the IPM. The
PE (54-60% of the enamel thickness; Table 13) is composed of irregular enamel, which
constitutes half of the enamel thickness (Figure 49 D-F). The buccal tips of the trigonid and
talonid are also double-layered, but the PE is thinner than the PI. The enamel on the buccomesial and linguo-mesial surface of the trigonid is composed of REIS internally and radial
enamel externally, the PE is absent. The layer of the PE is getting narrower from the buccal
tip towards the mesial surface, where only the PI is present with two kinds of radial enamel.
The bucco-mesial talonid has the same schmelzmuster. However, the enamel of the lingual

117

Dental evolution in duplicidentate Glires (Mammalia)

surface of the mesial protrusion of the talonid also has irregular enamel externally, and the
PI is composed only of REIS. The very thin enamel on the mesial surface of the trigonid
and talonid is composed only of radial enamel. The PLEX is absent.

Figure 49. The enamel microstructure of the lower cheek teeth of Prolagus sp. from Betfia (ZPAL uncatalogued). A.
Schematic drawing of the p3–m1. B–C. The cross-section of the enamel surrounding the protoconid (B) and protoflexid
(C) of the p3; D. The enamel of the distal surface of the p4 trigonid; E–F. The enamel of the buccal (E) and lingual (F)
talonid of the m1.
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5.12. Taxa incertae sedis
5.12.1. ‘Palaeolagus’ burkei
Incisors. ‘Palaeolagus’ burkei has the lower incisor enamel composed of singlelayered HSB (Figure 50). In the cross-section, the HSB iscomposed of ovate prisms running
perpendicularly to the anastomosing IPM, which is thin. The IPM does not surround the
prisms. The thin enamel layer of the lower incisor measures ca. 61 μm (Table 12). Thin
PLEX is present, ca. 3 μm.

Figure 50. The cross-section of the lower incisor of ‘Palaeolagus’ burkei (AMNH F:AM 105951).

Upper cheek teeth. M1. The distalo-lingual part of the M1 is missing. The enamel
is thick (up to 207 μm on the mesial side of the tooth; Table 13), it surrounds the preserved
part of the tooth and the hypostrial lake inside the tooth. The enamel is single-layered on
the mesial and distal surfaces of the posteroloph and the distal part of the hypostrial lake
(Figure 51). The single-layered enamel and the PI are composed of radial enamel oriented
perpendicularly to the IPM crystallites. The radial enamel is also present on the lingual
extremities of the trigonid and talonid, starting from the EDJ and reaching the OES, but
with slight undulations close to the OES. The transitional zone between the PE and PI is
clear in the cross- and vertical sections. The PE (up to 43% of the enamel thickness) is
composed of the HSB, the layer of which is thick on the mesial surface of the anteroloph
and much thinner on the distal anteroloph, both sides of the lingual extremity of the
posteroloph, and mesial surface of the hypostrial lake. The HSB are composed of prisms
running perpendicularly to the IPM. The inclination of the HBS is 30º, and the bands are
well visible in the vertical section. Thick PLEX is present only on the mesial surface of the
anteroloph.
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Figure 51. The enamel microstructure of the M1 of ‘Palaeolagus’ burkei (AMNH F:AM 105939). A. Schematic drawing
of the sectioned tooth. B–E. Cross-section of the enamel of the mesial (B) and buccal anteroloph (C), crescentic valley
(D), and buccal posteroloph (E) of the M2; F. Vertical section of the mesial surface of the tooth.

Lower cheek teeth. p4. Enamel surrounds both the trigonid and talonid, with the
exception of the mesio-lingual surface of the trigonid and distalo-lingual surface of the
talonid (Figure 52). The enamel is single-layered only on the mesial and distal surface of
the talonid. Similar to the upper molar, the PI and single-layered enamel is radial with
prisms oriented perpendicular to the IPM crystallites. The buccal extremities of the trigonid
and talonid are also composed of radial enamel, which undulates close to the OES.
However, in this area also a very thin layer of the HSB (PE) is present. Two-layered enamel
is present on the mesial and distal surfaces of the trigonid, and, on a restricted area on both
sides of the buccal tip of the talonid. The transitional zone between the PI and PE is not
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well distinguished, rather fuzzy. The PE is composed of HSB, which constitutes 48% of
the enamel thickness, but closer to the buccal tips it is thinner (Table 14). The prisms are
running perpendicularly to the IPM in the HSB. The IPM surrounds the prisms. Thick layer
of PLEX is present on the distal surface of the trigonid.

Figure 52. The enamel microstructure of the p4 of ‘Palaeolagus’ burkei (AMNH F:AM 105951). A. Schematic drawing
of the sectioned tooth. B-E. Cross-section of the enamel of the buccal (B) and distal (C-D) trigonid and buccal (E), and
distal (F) talonid of the p4.
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5.12.2. ‘Palaeolagus’ hypsodus
Upper cheek teeth. M1. The enamel surrounds the whole tooth except of its buccal
surface (Figure 53). It is single-layered around the posteroloph. However, on the mesial
side, where the enamel is thicker (up to 179 μm), a layer of the HBS is present (constituting
43% of the enamel thickness; Table 13). The buccal tips of the anteroloph and posteroloph
show only radial enamel which undulates close to the OES. In radial enamel, the prisms
are oriented perpendicularly to the IPM crystallites. The PE is present on the medial and
distal surfaces of the anteroloph. The transition between the PI and PE is better visible in
the vertical section, in the cross-section it is fuzzy. It is composed of the HSB inclined at
40º in the vertical section. However, the HSB show incipient decussating bundles of prisms
similar to irregular enamel.

Figure 53. The enamel microstructure of the M1 of ‘Palaeolagus’ hypsodus (AMNH F:AM 144208). A. Schematic
drawing of the sectioned tooth. B–E. The cross-section of the enamel of the mesial (B) and buccal anteroloph (C),
hypostria (D), and buccal posteroloph (E) surface of the M2; F. Vertical section of the mesial surface of the tooth.
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Lower cheek teeth. p4. The enamel surrounds both the trigonid and talonid, with
the exception of their lingualmost surfaces. The enamel is single-layered on the distal side
of the talonid and mesial sides of the trigonid and talonid (Figure 54). The single layer is
composed of radial enamel, in which the prisms are oriented perpendicularly to the IPM
crystallites. On the mesial surface of the trigonid and distal talonid (where it is the thickest,
measuring 177 μm; Table 14), the radial enamel slightly undulates close to the OES
boundary. The PE is best visible on the distal surface of the talonid, the boundary between
the PI and PE is smooth, but clear. It reaches around 40% of the enamel thickness and it is
composed of irregular HSB of similar structure as in the upper molar. The buccal tips of
the trigonid and talonid also have the PE composed of the HBS, but less undulated and
thinner than on the distal trigonid surface. In the most buccally exposed parts of the enamel
(buccal tips of the trigonid and talonid), the PE is not present, but radial enamel undulates,
instead. Thin layer of the PLEX is present only in the enamel placed on the distal surface
of the trigonid.

Figure 54. The enamel microstructure of the p4 of ‘Palaeolagus’ hypsodus (AMNH F:AM 144208). A. Schematic
drawing of the p4. B–E. The cross-section of the enamel of the buccal (B) and distal trigonid (C), and mesial (D), buccal
(E), and distal (F) talonid.
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5.12.3. ‘Amphilagus’ ulmensis
Incisors. The lower incisor enamel is thick (81 μm) and double-layered (Figure 55).
The PI is composed of REIS. The thinner PE (up to 40% of the enamel thickness; Table
12) is composed of weakly undulated HSB, having prisms running perpendicularly to the
IPM, which anastomoses between them. The inclination of the HSB visible in the vertical
section is 35º. The PLEX is absent.

Figure 55. The lower incisor of ‘Amphilagus’ ulmensis (SMNS 47807.8.) in the cross- (A) and vertical (B) section.

Upper cheek teeth. P3. In the cross-section, thick enamel is present on the mesial
and lingual sides of the tooth. The enamel appears to be two-layered in the whole section,
with the exception of the enamel on the end of the hypostria, where it is single-layered
(Figure 56). This enamel and PI are radial where the IPM is thick and surrounds the prisms.
The prisms are oriented perpendicularly to the IPM. The transitional zone between the PI
and PE can be well seen in the enamel on the mesial side of the tooth. The PE is composed
of HSB with the prisms oriented perpendicularly to the IPM. This layer is thickest on the
mesial side (where the enamel is also thickest, up to 234 μm), and becomes thinner on the
lingual side of the tooth. Below the thin layer of the HSB (up to 31% of the enamel
thickness; Table 13), a layer of undulating radial enamel appears. The hypoflexid is
surrounded by radial enamel, which undulates close to the OES. The same is true for the
enamel on the lingual and distal sides of the posteroloph.
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Figure 56. The enamel microstructure of the P3 of ‘Amphilagus’ ulmensis (SMNS 47807.3.). A. Schematic drawing of
the cross-sectioned P3. B. The enamel of the lingual side of the anteroloph; C. mesial side of the tooth; and D. hypoflexid.

Lower cheek teeth. p4. Similar to the P3, the enamel surrounding the trigonid and
talonid is generally thick, up to 198 μm. The enamel is absent only on the mesial side of
the trigonid, and it is very thin on the mesial side of talonid (Figure 57). The enamel on the
distal trigonid is double-layered. It is composed of radial enamel in the PI and of the HSB
in the PE. The radial enamel is composed of prisms running perpendicularly to thin IPM,
which is thick and surrounds the prisms. The radial enamel below the PE undulates, the
undulations are stronger on the buccal tips of the trigonid and talonid. There, the HSB layer
(PE, constituting 40% of the enamel thickness; Table 14) is very thin, but becomes thicker
as the undulating radial enamel slowly disappears towards the distal surface of the trigonid.
The HSB are composed of prisms running perpendicularly to the IPM, which is thick and
surrounds them. The talonid enamel is mainly composed of radial enamel. A thin layer of
the HSB (PE) is present only in the bucco-distally placed enamel on the talonid. The enamel
surrounding the hypoconulid lake and the enamel on the distal margin of the tooth have a
layer of undulating radial enamel close to the OES.
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Figure 57. The enamel microstructure of the p4 of ‘Amphilagus’ ulmensis (SMNS 47807.4.). A. Schematic drawing of
the cross-sectioned tooth. B. The enamel of the buccal side of the trigonid; C. The enamel of the distal surface of the
trigonid; D. The enamel between the talonid and hypoconulid, on the buccal surface of the tooth.

5.12.4. ‘Piezodus’ tomerdingensis
Incisors. The enamel of the lower incisor is double-layered, measuring 65 μm
(Figure 58). The PI is formed by REIS, and it is thicker than the PE, which compromises
only 30% of the enamel thickness (Table 12). The PE is composed of the HSB with prisms
running perpendicularly to the IPM. The PLEX is absent.

Figure 58. The cross-section of the lower incisor of ‘Piezodus’ tomerdingensis (SMNS 47798.47-78).
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Lower cheek teeth. p4 and m1?. The enamel surrounds the trigonid except of its
mesial surface, whole talonid, and hypoconulid lake inside of the talonid (Figure 59). The
enamel is thicker around the trigonid (196 μm) in comparison to the talonid. The enamel
on the distal trigonid is double-layered. The PI is composed of radial enamel with prisms
running perpendicularly to the IPM plates, which anastomose. The thin PE (34-39% of the
enamel thickness; Table 13) is composed of HSB, the inclination angle is 35º. On the buccal
tips of the trigonid and talonid, the PE layer is much thinner. A sub-layer of radial enamel
surrounds the HSB: the undulating radial enamel. The HSB is composed of prisms running
perpendicularly to the IPM. The double-layered enamel with non-undulating radial enamel
in the PI and a thin HSB layer in the PE are also present around the hypoconulid lake.
Single-layered, exclusively radial enamel forms the thin layers on the mesial and distal
sides of the talonid. Isolated talonid of probably m1 presents the same enamel
microstructure as the trigonid of the p4 described above.

Figure 59. The enamel microstructure of the lower cheek teeth of ‘Piezodus’ tomerdingensis (SMNS 47798.7.). A.
Schematic drawing of the cross-sectioned tooth, p4; B–D. The enamel microstructure of the buccal (B) and distal (C)
trigonid, and buccal talonid (D) of the p4; E. The enamel of the hypoconulid lake; F. The vertical section of the distal
trigonid of the m2.
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Table 14. The enamel microstructurw of the lower cheek teeth measured on the distal side of the trigonid, where the
enamel is thick and well developed. For abbreviations, see Methods.

Desmatolagus
gobiensis
Mytonolagus
aff. petersoni
Megalagus
turgidus
Megalagus
brachyodon
Palaeolagus
intermedius
Palaeolagus
haydeni
Palaeolagus
temnodon
Chadrolagus
emryi
Hypolagus
brachygnathus
Hypolagus
beremendensis
Titanomys
visenoviensis
‘Piezodus’
tomerdingensis
Prolagus sp.
from Betfia
‘Palaeolagus’
burkei
‘Palaeolagus’
hypsodus
‘Amphilagus’
ulmensis

tooth

Tooth type

enamel
thickness
(μm)

m1

semihypsodont

220

m1

semihypsodont

223

p4

semihypsodont

304

m1

semihypsodont

315

p4

semihypsodont

195

p4
m1
m1
m1
p4
m2
p4
m1
m2
m1
m2
p4
m1
m2
p4
m1

semihypsodont
semihypsodont
hypsodont
hypselodont
hypselodont
semihypsodont
hypsodont

hypselodont

183
197
207
225
190
201
246
210
188
232
191
149
139
196
149
148

p4

hypsodont

143

p4

hypsodont

177

p4

semihypsodont

198

PI

IPM in the PI

radial
enamel
radial
enamel
radial
enamel
radial
enamel
radial
enamel
radial
enamel
radial
enamel
radial
enamel
radial
enamel
radial
enamel
radial
enamel

perpendicular,
surrounding
perpendicular,
surrounding
perpendicular,
surrounding
perpendicular,
surrounding

radial
enamel
modified
radial
enamel
radial
enamel
radial
enamel
radial
enamel

PE
HSB
HSB
HSB
HSB

perpendicular

HSB

perpendicular

HSB

perpendicular

HSB

perpendicular

HSB

perpendicular
perpendicular

irregular
enamel
irregular
enamel

IPM in the PE
perpendicular,
surrounding
perpendicular,
surrounding
perpendicular,
anastomosing
perpendicular,
surrounding
perpendicular,
anastomosing
perpendicular,
anastomosing
perpendicular,
surrounding
perpendicular,
surrounding
-

% of
the
PE
56
40
41
43
50
39
41
34
37
38
51
49
44

-

40
25
28
34
39
34
55

perpendicular

HSB

perpendicular,
surrounding

perpendicular

HSB

perpendicular,
anastomosing

perpendicular,
plates

irregular
enamel

-

perpendicular

HSB

perpendicular,
surrounding

48

perpendicular

irregular
enamel

-

40

perpendicular,
surrounding

HSB

perpendicular,
surrounding

40

60

5.14. The linear correlation between the enamel thickness and the
portio externa
The results for the upper cheek teeth show that the correlation between the enamel
thickness of the mesial anteroloph and the PE is not very strong (r=0.51) whereas the p is
statistically significant (p=0.01). Also, the correlation between the enamel thickness of the
distal trigonid and the PE is significant (p<0.001), implying that indeed the PE is getting
thicker when the enamel as a whole gets thicker. However this correlation is also not very
strong (r=0.66). Consequently, the correlation show that the thickness of the PE can be
explained that way in 26% for the upper and 44% for the lower cheek teeth, the rest is
influenced by other factors (as e.g., the degree of the wear, position of the tooth in the roow,
low sample size). The position of the tooth (Figure 60 A-B) do not show clustering. The
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species (Figure 60 C-D) show moderate clustering, e.g., Hypolagus spp. However, most of
the taxonomic groups are too small to test the clustering. The correlation is stronger with a
coefficient of determination is higher in the lower cheek teeth compared to upper cheek
teeth
Because there is no clustering of the individual teeth reflecting the tooth position,
the correlation was run for all specimens (n = 48; Figure 60 E). The result is statistically
significant (p=0.0004). However, it still shows a moderate correlation (r=0.53) of the
enamel thickness of the primary shearing blade and the PE. This correlation explains only
27% of the variance. The weak correlation might be influenced by the small sample size,
however, the presence of a statistically significant moderate correlation suggests that the
enamel thickness may have an impact on the thickness of the PE in the primary shearing
blades of Lagomorpha cheek teeth.
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Figure 60. The correlation between the enamel thickness of the primary shearing blade in the upper (A, C) and lower (B,
D) cheek teeth and the thickness of the portio externa (PE). The correlation between the thickness of the enamel of the
primary shearing blades and the PE for all the analyzed teeth (E). The colors of the taxa are the same as in the legend for
C-E.
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6. Morphometric analyses of variation patterns in
duplicidentate dentition
6.1. Spearman's rho between the total and studied number of
lagomorph genera
The comparison of the number of taxa included herein to the number of so far
known genera is presented in Figure 61. The test was performed in PAST version 2.17c.
The Spearman's correlation accounts for ρ=0.09, P=0.8. So, there is no correlation
(assuming an accepted statistical risk under 5%: P<0.05) between the number of the
sampled taxa and the lagomorph richness of the northern hemisphere. The Spearman's
correlation between the sampled genera of Europe and Asia together shows ρ=0.28 and
P=0.43, for Asia alone with ρ=0.05 and P=0.88 so, the correlations are for both
insignificant. The correlation between the known and sampled genera of Europe alone is
ρ=0.7 and P=0.03, which is significant. However, for North America alone, with ρ=-0.28
and P=0.74, the correlation is highly insignificant. Thus, the analyzed genera richness
represents a significant subset of the actual diversity for Europe, enough to allow the
interpretation of lagomorph diversity evolution from the Eocene to the Holocene. In
contrast, the analyzed generic diversity of North America and Asia seems biased making
its interpretation difficult, as well as consequently for the whole North Hemisphere.
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Figure 61. Number of Lagomorpha genera over time for the Northern Hemisphere. The black line represents all genera
known and the grey line represents the corrected for their availability number of genera included in this work for the
shape analysis.

6.2. The Procrustes ANOVA for the measurement error and
asymmetries
6.2.1. Upper cheek teeth
For all upper teeth the effect of the centroid size on the individual is significant
(Table 15). This is unsurprising for biological datasets, because it is expected that the
specimens represent size differences between individuals which exceed asymmetry and
measurement errors. On the other hand, the effect of the centroid size on the side (left or
right) is not significant for all upper cheek teeth, indicating no directional asymmetry in the
individuals in which the left and right sides were possible to digitize. Therefore, it seems
that in the examined extant lagomorphs, Dawsonolagus antiquus, and Austrolagomys
inexpectatus there is no significant difference in size between the left and right side. The
statistically significant individual by the side interaction means that the biological effects
can be noticed despite the measurement error. However, the measurement error is
negligible for the centroid size, as can be interpreted by comparison of the Mean Squares
(MS), which are the expected deviation of each value around the average, of the residual
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effect, and the individual by the side effect. The residual effect is caused by the error
resulting from double digitizing the same photographs of Lepus capensis. The individual
by the side effect express the amount of random asymmetry in the sample. As it can be
noted, the replicate (residual) MS is for all upper cheek teeth always much smaller than the
individual by the side MS, so the measurement error is much smaller than the smallest
effect of biological interest.
The P-values for the shape ANOVA are also statistically significant for the
individual effect for each tooth (Table 15), which only indicates that there is a shape
variation between the individuals. The effect of the side is not significant for the P2 and
M3, but significant for the P3, P4, M1, and M2. It means that no asymmetry can be detected
in the P2 and M3, but for the rest of the teeth there is a systematic difference between the
left and right side (directional asymmetry). The individual by the side effect is also
significant, so the measurement error seems not to affect the results as can be also indicated
by the fact that the MS for the individual by the side interaction are much bigger than the
MS for the residuals for all teeth. Moreover, the F value for the effect of the individual by
the side interaction indicates by how much the effect of fluctuating asymmetry exceeds the
measurement error.
To sum up, the measurement error for both the centroid size and the shape does not
influence the dataset. Also, there is probably a directional asymmetry in the shape for the
P3–M2, but not in the size. However, it is worth to notice that this kind of asymmetry
concerns mostly extant lagomorphs included in the study, which complete remains allowed
to perform such an analysis. This shape asymmetry is, a reflection of a different pattern of
the undulating margins of the teeth inside the hypostria, which can be different for the left
and right P3–M2.
Table 15. The Procrustes ANOVA results for the measurement of the error and possible asymmetries in the upper cheek
teeth of lagomorphs.

P2

Effect
Individual
Side
Idividual*Side
Residual
Effect
Individual
Side
Idividual*Side
Residual

Centroid size
SS
MS
3700.737907
22.565475
1.562846
1.562846
44.580982
0.271835
0.231010
0.011551
Shape
SS
MS
11.47045432 0.0003568459
0.02147822 0.0001095828
2.70022861 0.0000840041
0.06739964 0.0000171938
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df
164
1
164
20

F
83.01
5.75
23.53

P-value
< 0.0001
0.0176
< 0.0001

df
32144
196
32144
3920

F
4.25
1.3
4.89

P-value
< 0.0001
0.0028
< 0.0001
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P3

Effect
Individual
Side
Idividual*Side
Residual
Effect
Individual
Side
Idividual*Side
Residual

P4

Effect
Individual
Side
Idividual*Side
Residual
Effect
Individual
Side
Idividual*Side
Residual

M1

Effect
Individual
Side
Idividual*Side
Residual
Effect
Individual
Side
Idividual*Side
Residual

M2

Effect
Individual
Side
Idividual*Side
Residual
Effect
Individual
Side
Idividual*Side
Residual

Centroid size
SS
MS
14897.033321
84.164030
0.423391
0.423391
134.642724
0.760693
1.018553
0.046298
Shape
SS
MS
43.72561328 0.0006238317
0.03626251 0.0000915720
1.91929428 0.0000273825
0.06855743 0.0000078693
Centroid size
SS
MS
5848.204041
32.671531
0.011429
0.011429
35.931688
0.200736
0.427224
0.019419
Shape
SS
MS
9.31581460 0.0002655289
0.03151924 0.0001608124
1.44085482 0.0000410687
0.03507220 0.0000081336
Centroid size
SS
MS
5257.720781
30.216786
0.420337
0.420337
27.795736
0.159746
0.765172
0.034781
Shape
SS
MS
13.89307573 0.0004073738
0.01775587 0.0000905912
1.40574139 0.0000412193
0.09975450 0.0000231342
Centroid size
SS
MS
4201.107331
24.567879
0.204256
0.204256
40.759673
0.238361
0.282918
0.012860
Shape
SS
MS
15.05954695 0.0004493241
0.01258492 0.0000642088
1.18298238 0.0000352960
0.04170066 0.0000096708
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df
177
1
177
22

F
110.64
0.56
16.43

P-value
< 0.0001
0.4566
< 0.0001

df
70092
396
70092
8712

F
22.78
3.34
3.48

P-value
< 0.0001
< 0.0001
< 0.0001

df
179
1
179
22

F
162.76
0.06
10.34

P-value
< 0.0001
0.8117
< 0.0001

df
35084
196
35084
4312

F
6.47
3.92
5.05

P-value
< 0.0001
< 0.0001
< 0.0001

df
174
1
174
22

F
189.16
2.63
4.59

P-value
< 0.0001
0.1066
< 0.0001

df
34300
196
34300
4312

F
9.88
2.20
1.78

P-value
< 0.0001
< 0.0001
< 0.0001

df
172
1
172
22

F
103.07
0.86
18.54

P-value
< 0.0001
0.3559
< 0.0001

df
33516
196
33516
4312

F
12.73
1.82
3.65

P-value
< 0.0001
< 0.0001
< 0.0001
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M3

Effect
Individual
Side
Idividual*Side
Residual
Effect
Individual
Side
Idividual*Side
Residual

Centroid size
SS
MS
183.588872
1.912384
0.104205
0.104205
10.820255
0.112711
0.337194
0.015327
Shape
SS
MS
0.81801069 0.0000887598
0.00351727 0.0000366382
0.26548699 0.0000288072
0.02032958 0.0000096257

df
96
1
96
22
df
9216
96
9216
2112

F
16.97
0.92
7.35

P-value
< 0.0001
0.3387
< 0.0001

F
3.08
1.27
2.99

P-value
< 0.0001
0.0383
< 0.0001

6.2.2. Lower cheek teeth
The Procrustes ANOVA results for the centroid size and shape show similar results
for all lower cheek teeth. The P-value for the individual effect is always significant, as the
effect of individual by the side, but the side effect is non-significant (Table 16). This means
that no directional asymmetry can be seen in the size or shape of lower cheek teeth and
there is only significant shape variation among individuals. The measurement error for the
centroid size is not a concern for the analysis, because the MS values for the individual by
the size interaction are much smaller than the MS for the residuals and the individual by
the size interaction is statistically significant.
Table 16. The Procrustes ANOVA results for the measurement error and possible asymmetries in the lower cheek teeth
of lagomorphs.

p3

p4

df
176
1
176
18

F
14.50
1.19
5.17

P-value
< 0.0001
0.0065
< 0.0001

Effect
Individual
Side
Idividual*Side
Residual

Centroid size
SS
MS
14772.045095
83.932074
7.263344
7.263344
94.687708
0.537998
3.522278
0.195682
Shape
SS
MS
32.80863610 0.0004707392
0.01524702 0.0000385026
2.26264060 0.0000324644
0.04479796 0.0000062848

df
69696
396
69696
7128

F
14.50
1.19
5.17

P-value
< 0.0001
0.0065
< 0.0001

Effect
Individual
Side
Idividual*Side
Residual

Centroid size
SS
MS
10386.777260
57.704318
2.010519
2.010519
138.725526
0.770697
0.391093
0.024443

df
180
1
180
16

F
74.87
2.61
31.53

P-value
< 0.0001
0.1080
< 0.0001

Effect
Individual
Side
Idividual*Side
Residual
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Effect
Individual
Side
Idividual*Side
Residual

m1

Effect
Individual
Side
Idividual*Side
Residual
Effect
Individual
Side
Idividual*Side
Residual

m2

Effect
Individual
Side
Idividual*Side
Residual
Effect
Individual
Side
Idividual*Side
Residual

m3

Effect
Individual
Side
Idividual*Side
Residual
Effect
Individual
Side
Idividual*Side
Residual

SS
2.55440190
0.00164266
0.38415934
0.00867065

Shape
MS
0.0000724037
0.0000083809
0.0000108889
0.0000027649

Centroid size
SS
MS
4173.086701
22.079824
0.224035
0.224035
21.286083
0.112625
0.350844
0.018465
Shape
SS
MS
2.76473088 0.0000746337
0.00168380 0.0000085908
0.33873930 0.0000091442
0.00716126 0.0000019230
Centroid size
SS
MS
3658.969121
22.310787
1.027230
1.027230
26.551450
0.161899
0.372457
0.023279
Shape
SS
MS
2.64345025 0.0000822378
0.00157689 0.0000080454
0.32667363 0.0000101628
0.00998666 0.0000031845
Centroid size
SS
MS
1522.518455
10.721961
1.055063
1.055063
16.582905
0.116781
0.353394
0.020788
Shape
SS
MS
18.68988925 0.0006715252
0.00572318 0.0000291999
0.68894986 0.0000247539
0.02758629 0.0000082792
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df
35280
196
35280
3136

F
6.65
0.77
3.94

P-value
< 0.0001
0.9927
< 0.0001

df
186
1
186
19

F
196.05
1.99
6.10

P-value
< 0.0001
0.1601
< 0.0001

df
37044
196
37044
3724

F
8.16
0.94
4.76

P-value
< 0.0001
0.7179
< 0.0001

df
164
1
164
16

F
137.81
6.34
6.95

P-value
< 0.0001
0.0127
< 0.0001

df
32144
196
32144
3136

F
8.09
0.79
3.19

P-value
< 0.0001
0.9856
< 0.0001

df
142
1
142
17

F
91.81
9.03
5.62

P-value
< 0.0001
0.0031
< 0.0001

df
27832
196
27832
3332

F
27.13
1.18
2.99

P-value
< 0.0001
0.0438
< 0.0001
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6.3. Regression Analysis between the size and shape of the cheek
teeth occlusal surfaces in duplicidentates
6.3.1. Regression coefficient for the upper cheek teeth
The regression results are significant for all upper cheek teeth with the exception of
the M3 (Table 17). However, although the influence of the size on the shape is significant
for the P2, P4–M2, the regression on the centroid size accounts for 5.4–8% of the total
variation. Thus, the shape variability explained by the size is small and the allometry
(morphological variation associated with or caused by variation in size) is negligible, even
if significant. In the case of the P3, the variability explained by the size is much higher,
almost 30%. So, the size has an impact on the shape changes of the P3 for the all
lagomorphs.
The pooled within-group regression was performed in order to eliminate the within
component of allometry from the dataset. For all upper cheek teeth, the within-group
regression shows weak relationship with the size: 5–0.5%. So, even though the P-value for
the P3–M2 is significant, the effect of allometry is small at the generic level.

Table 17. Regression coefficients of the upper cheek teeth.
P2

P3

P4

M1

M2

M3

Regression
Total SS

15.23215732

77.48999957

68.94207179

53.93285701

39.17538224

3.22074697

Predicted SS

1.23216145

22.56617265

4.10244568

3.55299536

2.11753693

0.06807580

Residual SS

13.99999587

54.92382693

64.83962611

50.37986164

37.05784531

3.15267117

% predicted

8.0892%

29.1214 %

5.9506%

6.5878%

5.4053%

2.1137%

P-value

< 0.0001

< 0.0001

< 0.0001

< 0.0001

< 0.0001

0.0282

Pooled within-group regression
Total SS

6.22738451

18.71387653

17.12585444

13.89450778

9.35825367

1.72782546

Predicted SS

0.08218186

0.24054848

0.95111745

0.73442758

0.19930097

0.01013015

Residual SS

6.14520266

18.47332805

16.17473699

13.16008020

9.15895270

1.71769531

% predicted

1.3197%

1.2854%

5.5537%

5.2857%

2.1297%

0.5863%

0.0035

0.0001

< 0.0001

< 0.0001

< 0.0001

0.4333

P-value
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Regression analysis for the P2. The results of the allometry of the P2 in
Lagomorpha indicate that only 8% (P < 0.0001) of the total shape variability can be
explained by the size (Table 17). The recent Leporidae, Hypolagus spp., and Eurolagus
fontannesi have positive regression scores, while the Ochotonidae rather negative
regression scores (Figures 62-65). With the latter, the negative regression scores are shared
also by Prolagus spp. and other European late Oligocene–late Miocene species.
‘Shamolagus’ franconicus has slightly positive regression scores (Figure 62). Interestingly,
similarly, the Early Oligocene–early Miocene Asian lagomorphs have similar regression
scores. In case of the Eocene in Asia, Gobiolagus tolmachovi and Shamolagus medius
represent negative values, but Gobiolagus aliwusuensis – slightly positive. Each of them
is, however, represented only by one individual. The regression scores for Desmatolagus
spp. and Palaeolagus spp. (Figure 65) present both positive and negative regression scores.

Regression analysis for the P3. For the P3 there is a high influence of the size on the shape
variability, almost 30% (P < 0.0001; Table 17). The recent Leporidae and Hypolagus spp.
have high positive regression scores in contrast to other lagomorphs included in the analysis
(Figure 68). Those high values of the regression scores are correlated with bigger size in
comparison to other lagomorphs, especially in Lepus spp. Other Asian and European
lagomorphs have negative regression scores and do not exceed the logarithm of centroid
size of 3, with the exception of one individual of ‘Amphilagus’ magnus and two individuals
of Desmatolagus robustus. The distinction between the two groups is dictated by the level
of molarization of the P3. The lagomorphs with unmolarized P3 have negative regression
scores, and lagomorphs with positive regression scores have molarized P3. As a result of
wear, the teeth of Palaeolagus spp. change from unmolarized to molarized, so the
individuals of Palaeolagus spp. have both negative and positive values of the regression
scores. The species with short lingual lobe of the unmolarized P3 have the regression scores
close to 0, like, e.g., Gobiolagus spp. The species with longer lingual lobe of unmolarized
P3 have negative values of the regression scores (Figures 66-69).
In this dataset all lagomorphs with molarized P3 are larger than the species with
unmolarized P3. Also, it can be seen for Palaeolagus spp. that four of the large individuals,
bigger than the other individuals in the sample, have positive regression scores (Figure 69).
However, two other specimens, which are also larger, have negative and 0 regression
scores. Thus, the influence of the size on the shape is explained by as high amount of
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variability, because the species with molarized P3 are bigger than the species with
unmolarized P3.

Regression analysis for the P4. The size influence on the shape variability of the
P4 can be explained by merely 6% (P < 0.0001) of total variability, thus it is negligible
(Table 17). Here, the lagomorphs with the P4 with deep, open hypostria and lacking
crescents have positive regression values. Lagomorph teeth in which the hypostria are
shallow or weakly marked and the crescent is present in the P4 are located within the
negative regression scores (Figures 70-73). The size of lagomorph teeth has no influence
on the regression score values. In the case of Palaeolagus spp., the crescent is lost due to
wear, and the hypostria are closed into lakes which later may also disappear (Figure 73).

Regression analysis for the M1. Only 6.5% (P < 0.0001) of the total variability
can be explained by the size for the M2 (Table 17). The main factor grouping lagomorphs
in positive, negative, or both positive and negative regression scores is the length of the
anteroloph in comparison to mesio-distal length of the posteroloph, which is not influenced
by the size. The lagomorph teeth having positive values have the anteroloph longer than
the posteroloph, in contrast to the lagomorphs which are present within the negative
regression scores (Figures 74-77). The results show that some species have intra-specific
variation of this condition, especially those living in the early Miocene of Asia (Figure 75).
Palaeolagus spp. individuals transform their shape of the M2 during wear, thus the
individuals have the whole spectrum of regression scores (Figure 83).

Regression analysis for the M2. Almost 5.5% (P < 0.0001) of total variability can
be explained by the size for the M2 regression analysis (Table 17). Similar to the M1, the
lagomorphs are distributed according to the mesio-distal length proportion between the
anteroloph and posteroloph, and also it is not influenced by the size. However, for several
lagomorphs the position occupied by the M1 and M2 is not the same (Figures 78-81). The
position switched from positive values of the M1 to negative for the M2 for Gobiolagus
spp. and Prolagus oeningensis. It also switched in the opposite way for Desmatolagus spp.
Also, less negative regression scores for the M2 in comparison to the M1 occur for Piezodus
branssatensis, Titanomys visenoviensis, Amphilagus antiquus, and ‘Amphilagus’ spp.
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Regression analysis for the M3. Only 2% (P < 0.0001) of the variability can be
explained by the size for the regression of the M3 (Table 17). The P-value here is less
significant than for the other teeth, which may be caused by the fact that the Ochotonidae
and few fossil lagomorphs (e.g., Prolagus, Piezodus) lack the M3, and the M3 is rare in the
fossil record in comparison to the other upper teeth, so the sample size is much smaller than
for the P2–M2. The lagomorphs in which the M3 is a single column ale placed close to the
0. Because juvenile Palaeolagus spp. and Desmatolagus spp. have double M3, like, e.g.,
Gobiolagus spp., they are placed within the negative regression scores (Figure 82). With
wear, the tooth changes morphology to a single conid. The structure of the M3 is not
influenced by size.
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Figure 62. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the P2 in the Eocene to late Oligocene in Europe and Asia.

Figure 63. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the P2 in the Miocene in Europe and Asia.

Figure 64. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the P2 in the Pliocene to Holocene in Europe and Asia.

Figure 65. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the P2 in the late Oligocene and Holocene in North America.

Figure 66. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the P3 in the Eocene to late Oligocene in Europe and Asia.

Figure 67. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the P3 in the Miocene in Europe and Asia.

Figure 68. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the P3 in the Pliocene to Holocene in Europe and Asia.

Figure 69. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the P3 in the late Oligocene and Holocene in North America.

Figure 70. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the P4 in the Eocene to late Oligocene in Europe and Asia.

Figure 71. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the P4 in the Miocene in Europe and Asia.

Figure 72. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the P4 in the Pliocene to Holocene in Europe and Asia.

Figure 73. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the P4 in the late Oligocene and Holocene in North America.

Figure 74. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the M1 in the Eocene to late Oligocene in Europe and Asia.

Figure 75. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the M1 in the Miocene in Europe and Asia.

Figure 76. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the M1 in the Pliocene to Holocene in Europe and Asia.

Figure 77. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the M1 in the late Oligocene and Holocene in North America.

Figure 78. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the M2 in the Eocene to late Oligocene in Europe and Asia.

Figure 79. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the M2 in the Miocene in Europe and Asia.

Figure 80. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the M2 in the Pliocene to Holocene in Europe and Asia.

Figure 81. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the M2 in the late Oligocene and Holocene in North America.

Figure 82. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the M3. The extinct species include middle Eocene Asian Gobiolagus spp., and
Shamolagus medius; Oligocene North American Palaeolagus spp.; Oligocene Asian Desmatolagus spp., and Ordolagus teilhardi; Pliocene European Hypolagus spp.
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6.3.2. Regression coefficient for the lower cheek teeth
The P-value for the regression of all lower cheek teeth is significant indicating some
impact of the size on the shape (Table 18). However, the regression on the centroid size
accounts only for 3.5–7% for the p4–m2, but it reflects a stronger relationship for the p4
and m3 – almost 29% and 55%, respectively. However, when groups (consisting of species)
are considered in the pooled within-group regression, the within group allometry appears
to be small, even if significant. So, allometry can be observed for all lagomorphs included
in the study in the p3 and m3, but no allometry can be detected within species groups.
Table 18. Regression coefficients of the lower cheek teeth.

p3

p4

m1

m2

m3

Regression
Total SS

76.37001653

11.92011383

9.60319578

9.51445973

32.01667865

Predicted SS

22.10023379

0.42848844

0.55425973

0.68291003

17.60522607

Residual SS

54.26978274

11.49162539

9.04893606

8.83154971

14.41145257

% predicted

28.9384%

3.5947%

5.7716%

7.1776%

54.9877%

P-value

< 0.0001

< 0.0001

< 0.0001

< 0.0001

< 0.0001

Pooled within-group regression
Total SS

14.89195377

5.09763895

4.40147401

3.48181266

2.62321975

Predicted SS

0.59206634

0.08724607

0.04849377

0.05704061

0.11420148

Residual SS

14.29988743

5.01039287

4.35298024

3.42477205

2.50901827

% predicted

3.9757%

1.7115%

1.1018%

1.6382%

4.3535%

P-value

< 0.0001

< 0.0001

< 0.0001

< 0.0001

< 0.0001
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Regression analysis for the p3. Almost 30% (P < 0.0001) of the shape variability
of the p3 can be explained by the size (Table 18). The positive regression scores are entirely
occupied only by the recent Leporidae. A few individuals of Prolagus bilobus and
Palaeolagus spp. also have positive regression scores, however, most of the specimens
have negative regression values. For Amphilagus antiquus and Eurolagus fontannesi most
of the representatives have positive regression scores, but few are on the side with negative
values. Hypolagus spp. and most of Prolagus species are placed close to the 0 value. All
other lagomorphs have negative values of the regression scores (Figures 83-86).
The distribution of the lagomorphs in the regression graphs is connected to the depth
of the hypoflexid of the p3. It is very deep in the recent Leporidae, so they are placed within
strongly positive regression scores. The hypoflexid depth changed in result of wear in
Palaeolagus, Amphilagus, and Eurolagus, so the specimens have different regression
scores depending on the wear of the analyzed teeth. Hypolagus and Prolagus have
shallower hypoflexid than the Leporidae, so they have the 0 regression score. However, the
strong influence of size, show that the shape changes expressed by the regression score are
influenced by the size.

Regression analysis for the p4. Only 3.5% (P < 0.0001) of the shape variability of
the p4 can be explained by the size (Table 18). The main factor distributing lagomorphs on
the graphs is the bucco-lingual width and the mesio-distal length of the talonid, which is
not influenced by the size. Lagomorphs with the p4 having talonids narrow and slender,
occupy the side of the graph with negative regression scores (Figures 87-90).

Regression analysis for the m1. The effect of the size can be explained by merely
6% (P < 0.0001) of the total variability of the m1 (Table 18). The distribution of the species
has a similar character as for the p4: it is focused on the slenderness or robustness of the
talonid, which is not influenced by the size (Figures 91-94). Also, similar as for the p4, the
lagomorphs with bucco-lingually wide and mesio-distally short talonid have negative
regression scores.

Regression analysis for the m2. 7% (P < 0.0001) of the total variability can be
explained by the size for the m2 (Table 18). In comparison to the situation with the p4 and
m1, ‘Shamolagus’ franconicus, Piezodus spp., Amphilagus spp., and Titanomys changed
their scoring from positive to more negative regression scores. Other lagomorphs keep the
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scoring of the m2 similar to the p4 and m1. The change of the position is connected to the
fact that the talonid of all the mentioned above species is narrow bucco-lingually and oval
in shape, as the m2 talonid of Ochotona spp., and other species with negative regression
scores (Figures 95-98). As for the p4 and the m1 the shape of the trigonid and talonid of
the m2 is not influenced by the size.

Regression analysis for the m3. The variability explained by the size is high for
the m3, accounting for almost 55% (P < 0.0001; Table 18). Therefore, the impact of the
size on the shape is highest for the m3 in comparison to other teeth. The lagomorphs in
which the talonid is reduced are grouped together: Ochotona spp. Sinolagomys spp.,
Lagopsis verus, Bellatona spp., ‘Amphilagus’ magnus, Bohlinotona pusilla, and
Austrolagomys inexpectatus. The lagomorphs counted for positive regression scores have
the talonid which is bigger in comparison to the talonid in taxa with higher values of the
regression scores (Figure 99). Thus, the size of the talonid indeed plays an important role
in the distribution of the taxa.
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Figure 83. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the p3 in the Eocene to late Oligocene in Europe and Asia.

Figure 84. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the p3 in the Miocene in Europe and Asia.

Figure 85. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the p3 in the Pliocene to Holocene in Europe and Asia.

Figure 86. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the p3 in the Eocene, late Oligocene, and Holocene in North America.

Figure 87. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the p4 in the Eocene to late Oligocene in Europe and Asia.

Figure 88. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the p4 in the Miocene in Europe and Asia.

Figure 89. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the p4 in the Pliocene to Holocene in Europe and Asia.

Figure 90. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the p4 in the Eocene, late Oligocene, and Holocene in North America.

Figure 91. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the m1 in the Eocene to late Oligocene in Europe and Asia.

Figure 92. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the m1 in the Miocene in Europe and Asia.

Figure 93. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the m1 in the Pliocene to Holocene in Europe and Asia.

Figure 94. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the m1 in the Eocene, late Oligocene, and Holocene in North America.

Figure 95. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the m2 in the Eocene to late Oligocene in Europe and Asia.

Figure 96. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the m2 in the Miocene in Europe and Asia.

Figure 97. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the m2 in the Pliocene to Holocene in Europe and Asia.

Figure 98. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the m2 in the Eocene, late Oligocene, and Holocene in North America.

Figure 99. The regression plots showing the influence of size (Log Centroid Size) on shape (Regression score) of the m3. The extinct species include the Eocene, Asian Gomphos elkema,
Dawsonolagus antiquus, Gobiolagus spp., Shamolagus medius, and Eocene but North American Mytonolagus petersoni; Oligocene North American Palaeolagus spp. and Megalagus turgidus;
Oligocene Asian Desmatolagus spp. and Bohlinotona pusilla; Oligocene European ‘Shamolagus’ franconicus; Miocene European Lagopsis verus, Eurolagus fontannesi; Miocene African
Austrolagomys inexpectatus; Miocene Asian ‘Amphilagus’ spp., Sinolagomys spp., and Bellatona spp.; and Pliocene European Hypolagus spp.
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6.4. Principal Component Analysis of the cheek teeth occlusal
surface shape variability in duplicidentates
6.4.1. Principal Component Analysis for the P2
Both first a Principal Components 1 and 2 explain only 51.14% of the total
variability, meaning that most 50% of values distribution is not illustrated by the two first
Principal Components and that interpretation must be made with caution (Figures 100-103).
The Principal Component 2, which explains 22.72% of the variability, distinguishes
between all the taxa. Prolagus spp., Lagopsis verus, Eurolagus fontannesi, Titanomys
visenoviensis, ‘Shamolagus’ franconicus (with one exception having a negative PC2 score),
‘Amphilagus’ orientalis, Desmatolagus robustus, and Gobiolagus tolmachovi occupy the
most positive values of the axis. Oryctolagus cuniculus, Hypolagus beremendensis,
Ptychoprolagus

forsthartensis,

Piezodus

branssatensis,

Amphilagus

antiquus,

‘Amphilagus’ magnus, Alloptox gobiensis, Desmatolagus gobiensis, Bohlinotona pusilla,
Gobiolagus aliwusuensis, and Shamolagus medius have also positive PC2 scores, but closer
to 0. The individuals of Lepus spp., Sylvilagus spp., and Paleolagus spp. occupy negative
and positive values, close to 0, but the recent Leporidae are less spread out along the PC2
than Palaeologus spp. Interestingly, negative PC2 values are occupied by the recent
Ochotonidae and do not overlap with other lagomorphs, with the exception of Palaeolagus
spp.
The fact that the PC2 distinguishes the species, implies that the shape variability
within the species is higher than between the taxa. However, it is also worth to notice that
the PC1 does not explain much more variability (that is 28.42%; Figures 100-103) in
comparison to the PC2, so it appears that the P2 in Lagomorpha is highly variable, which
cannot be explained by the size or species distinction. For the PC2, the main changes of the
P2 shape of are connected to the reduction of the buccal lobe, mesial extension of the central
lobe, and slight lingual increase in the size of the lingual lobe. The positive scores of the
PC1, on the other hand, are connected to the extension of the buccal and central lobe, and
reduction of the mesial side of the lingual lobe. Given that the morphospace of, e.g.,
Ochotona spp. ranges form highly negative to positive (-0.3–0.1) PC1 scores, it seems that
the reduction of the hypercone and enlargement of the lagicone are intraspecifically
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variable. It appears that the distribution of the species is connected to the reduction of the
buccal lobe and the enlargement of the central lobe.

6.4.2. Principal Component Analysis for the P3
The total shape variability explained by the Principal Components 1 and 2 is 62.68%
(Figures 104-107), thus more variability is explained by the first two PC axes than for the
P2. The PC 1 (45.87%) separates the recent Leporidae, Hypolagus spp., and four
Palaeolagus spp. individuals from the other analyzed lagomorph species, placing them
within highly negative scores. Closer to 0 or/and slightly negative (to -0.2) values are
occupied by Shamolagus medius, Gomphos elkema, Gobiolagus spp. (with one individual
having positive PC1 scores), Ordolagus teilhardi, Desmatolagus spp. (ranging from -0.2 to
0.3), and Amphilagus antiquus (however, majority of the individuals are located between 0
and 0.2). The positive PC1 scores are exhibited by Ochotona spp. Prolagus spp., Eurolagus
fontannesi, Lagopsis verus, Titanomys visenoviensis, ‘Piezodus’ tomerdingensis, Piezodus
branssatensis, ‘Amphilagus’ ulmensis, Ptychoprolagus forsthartensis, ‘Shamolagus’
franconicus, ‘Amphilagus’ spp., Alloptox gobiensis, Sinolagomys spp., Bellatona spp.,
Bohlinotona pusilla, and majority of Palaeolagus spp. The shape changes expressed by the
PC1 scores are connected to the mesial reduction of the buccal and central lobe, and the
size increase of the lingual lobe. Thus, the lagomorphs in which the P3 is fully molarized
occupy negative PC1 values, the lagomorph teeth with short lingual lobe are close to zero,
and finally the teeth with well developed lingual lobe occupy the positive values of PC1.
Along the PC2, which explains 16.81% of variability, the lagomorphs with
unmolarized P3 are set apart. The most positive scores are seen for the individuals of
Prolagus spp. (with the exception of Prolagus bilobus, which ranges from 0.4 to 0.2),
‘Amphilagus’ ulmensis, Amphilagus antiquus, Ptychoprolagus forsthartensis, ‘Piezodus’
tomerdingensis, Piezodus branssatensis, Titanomys visenoviensis, ‘Amphilagus’ spp.,
‘Shamolagus’ franconicus, and Desmatolagus spp. (with few exceptions). The Eocene
lagomorphs are placed close to the 0 value, ranging from 0.2 to -0.2, similar to Eurolagus
fontannesi. Negative PC2 values are occupied by Sinolagomys spp., Bohlinotona pusilla,
Alloptox gobiensis, Bellatona spp., Lagopsis verus (with one exception), most of
Palaeolagus spp., and Ochotona spp. The shape changes connected to the PC2 reflect the
deepening of the paraflexus and the lingual extension and buccal reduction of the central
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lobe. Most of the European lagomorphs share the shape of the P3 which has those features.
On the other hand, most of the Asian taxa and the North American Palaeolagus spp. share
negative PC1 scores, which reflect shallower paraflexus and larger buccal lobe. Between
those two groups, the Eocene duplicidentates are placed.

6.4.3. Principal Component Analysis for the P4
The first two Principal Components account for 79.73% of the total shape variation,
thus they provide a good approximation of the total variation (Figures 108-111). The PC 1
(50.94% of variability) distinguishes the taxa according to level of molarization of their
teeth. Positive PC1 scores are occupied by most of the Eocene taxa, except one Gobiolagus
spp. individual and two Gomphos elkema specimens, Desmatolagus spp. (except a few
Desmatolagus individuals), ‘Amphilagus’ spp., ‘Shamolagus’ franconicus, Piezodus
branssatensis, ‘Amphilagus’ ulmensis, Titanomys visenoviensis, Eurolagus fontannesi
(with one exception), and majority of Palaeolagus spp. specimens. The individuals of
Ochotona spp. and Alloptox gobiensis are placed between 0.2 and -0.2. Negative PC1
scores are represented by Ordolagus teilhardi, Bohlinotona pusilla, Sinolagomys spp.,
Bellatona spp., Prolagus spp., Ptychoprolagus forsthartensis, Lagopsis verus, Hypolagus
spp., the recent Leporidae, and a few Palaeolagus spp. individuals. The shape changes
correlated with the PC1 are connected to the reduction of the anteroloph and extension of
the posteroloph. The Duplicidentata having the negative PC1 scores have their P4 with
shallow hypostria, hypostrial lakes, and crescents, therefore not fully molarized. On the
other hand, the lagomorphs with positive regression values have fully molarized P4.
The PC2 explains 28.79% of the total variability. Positive PC2 scores are
represented by all the recent Leporidae, Lagopsis verus, and Alloptox gobiensis. All other
Duplicidentata have negative PC2 scoring, with few exceptions (Prolagus oeningensis,
Sinolagomys major, Bellatona spp., ‘Amphilagus’ spp., Desmatolagus spp., Eurolagus
fontannesi, Amphilagus antiquus, and Piezodus branssatensis), however even for them,
majority of the individuals is placed between 0 and -0.4. The shape changes combined with
the PC2 are connected to the extension of the anteroloph and reduction of the posteroloph.
Thus, the recent Leporidae, Lagopsis, and Alloptox, in contrast to other Duplicidentata,
have the anteroloph larger than the posteroloph. Already in the Oligocene lagomorphs show
intraspecific variability in which the anteroloph can be larger than the posteroloph, but the
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species having this feature appeared in the early Miocene and lasted until recently. In
contrast, the opposite proportion of the anteroloph to the posteroloph is dominant for
lagomorphs in the Eocene even to the early Miocene. However, this proportion between
the anteroloph and posteroloph still rarely occurred later, in the Miocene–Pleistocene, as
represented by Eurolagus fontannesi, Prolagus spp., and Hypolagus beremendensis.

6.4.4. Principal Component Analysis for the M1
The sum of the total shape variation expressed by the Principal Component 1 and 2
is 79.96%, providing a reasonable approximation of the total shape variation (Figures 112115). The PC1 explains 49.96% of the total variability of the M1. The positive PC1 values
are occupied by Ochotona spp., the recent Leporidae, Prolagus sardus, Lagopsis verus,
Prolagus oeningensis (with four exceptions), and Alloptox gobiensis. Sinolagomys spp.,
Bellatona spp., and ‘Amphilagus’ spp., all from the early Miocene of Asia, are placed
between 0.4 to -0.4, along the whole PC1 axis. Prolagus vasconiensis shows a similar range
of PC1 values from 0.2 to -0.4. The most negative PC1 values are occupied by the Eocene
Duplicidentata and most of the Oligocene taxa from Europe, Asia, and North America.
Also, negative PC1 scores are seen for ‘Prolagus’ schnaitheimensis, Ptychoprolagus
forsthartensis, ‘Amphilagus’ ulmensis, Titanomys visenoviensis, Eurolagus fontannesi, and
Hypolagus beremendensis. The shape changes expressed by the growing values of the PC1
are connected to the extension of the lingual side of the posteroloph, deepening of the
hypostria, and reduction of the mesial margin of the anteroloph. It seems that this shape
heterogeneity was highest in the early Miocene, when the shape of the P4 varied within
each species. Eventually, the shape with deep hypostria and expanded posteroloph became
fixed for the recent taxa.
The PC2 axis (30% of total variability) shows the increasing size of the anteroloph
and reduction of the posteroloph with higher values. The most positive values are
represented by Desmatolagus spp., Piezodus branssatensis, Amphilagus antiquus,
‘Amphilagus’ spp., ‘Amphilagus’ ulmensis, Titanomys visenoviensis, Eurolagus
fontannesi, Lagopsis verus, Prolagus sardus, and most of Ochotona spp., Bellatona spp.,
and Alloptox gobiensis. Negative PC2 values are common for all the Eocene
Duplicidentata, Ordolagus teilhardi, Bohlinotona pusilla, Sinolagomys spp., Prolagus spp.
(expect Prolagus sardus), Ptychoprolagus forsthartensis, Hypolagus beremendensis, and
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the recent Leporidae. The Palaeolagus spp. individuals are ranging from -0.4 to 0.4 of the
PC2 axis. The arrangement of species shows that during the evolutionary history of the
lagomorphs, the proportion between the size of the anteroloph and posteroloph diversified,
but the recent Leporidae show similar proportions to their Eocene ancestors. The recent
Ochotonidae occupy different PC2 scores, but close to the recent Leporidae. Moreover, it
seems that the proportion between the size of the anteroloph to the posteroloph was more
stable within the species than the elongation of the posteroloph and deepening of the
hypostria, as expressed by the PC1. However, it does not hold true for Palaeolagus spp.,
but more so for the European and Asian Miocene taxa.

6.4.5. Principal Component Analysis for the M2
The two first Principal Components represent the shape variation of the M2 well,
accounting for 80.13% of the total shape variation (Figures 116-119). The total shape
variability explained by the PC1 is 60.53%. The most positive values of PC1 are occupied
by Ochotona spp., Alloptox gobiensis, Bellatona spp., Prolagus sardus, Prolagus
oeningensis, Lagopsis verus, and ‘Amphilagus’ ulmensis. Most of the specimens of the
recent Leporidae exhibit positive values of the PC1. Some individuals of Sinolagomys spp.,
and Amphilagus antiquus have positive PC1 scores, but most of them have negative values.
All the lagomorphs from the Eocene, Oligocene, and ‘Amphilagus’ spp., Titanomys
visenoviensis, ‘Prolagus’ schnaitheimensis (with one exception), Prolagus vasconiensis,
Ptychoprolagus forsthartensis, Palaeolagus spp., and Hypolagus spp. have negative PC1
scores. Two individuals of Eurolagus fontannesi are placed on the opposite side of the 0
value. The shape changes connected to the PC1 axis are related to the deepening of the
hypostria, lingual prolongation of the posteroloph, and distal extension of the anteroloph.
The Duplicidentata with shallower hypostria show negative PC1 values, and with the
increasing values of the PC1 axis, the hypostria deepens.
The PC2 explains 19.6% of the total shape variance of the M2. The lagomorphs
occupying positive PC2 scores are: the recent Leporidae, Hypolagus spp., Ptychoprolagus
forsthartensis, Prolagus vasconiensis, ‘Prolagus’ schnaitheimensis (with one exception),
Sinolagomys spp., Bellatona spp. (with one exception), Bohlinotona pusilla, and a few
individuals of Desmatolagus spp. Both positive and negative PC2 scores are occupied by
Prolagus oeningensis and Palaeologus spp. Negative values of the PC2 are seen for the
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Eocene Duplicidentata, ‘Shamolagus’ franconicus, Ordolagus teilhardi, majority of
Desmatolagus spp., Piezodus branssatensis, Amphilagus antiquus, ‘Amphilagus’ spp.,
‘Amphilagus’ ulmensis, Titanomys visenoviensis, Eurolagus fontannesi, Lagopsis verus,
Prolagus sardus, and most of Ochotona spp. The shape changes connected to the PC2 axis
are reflected by the size reduction of the anteroloph and size increase of the posteroloph
with increasing values. So, already in the Oligocene the proportion between the anteroloph
and posteroloph changed, but the changes were connected to the intraspecific variability
(Desmatolagus spp.) or happened during wear (Paleolagus spp.). Then, in the early
Miocene, the lagomorphs branched into linages with opposite proportions between the
anteroloph and posteroloph. Recently, Leporidae and Ochotonidae reflect this separation.

6.4.6. Principal Component Analysis for the M3
The two first Principal Components explain 73.04% of the total shape variation of
the M3 (Figure 120). The variability explained by the PC1 is 56.44% of the total shape
variability of the M3. Positive PC1 scores are occupied by all the recent species, Ordolagus
teilhardi, Hypolagus spp., and most species of Desmatolagus spp. Between 0 and -0.2 are
placed Shamolagus medius and one individual of Desmatolagus gobiensis. Highly negative
scores (from -0.5 to -0.3) are represented by Gobiolagus spp. The specimens of
Palaeolagus spp. form three groups along the PC1 axis: the first with positive values of
PC1, the second with slightly negative values, and the last with highly negative values. The
shape differentiation along the PC1 is reflected by the increasing extension of the mesiobuccal margin and reduction of the distalo-lingual margin of the M3 with higher scores. It
appears that Gobiolagus and weakly worn teeth of Palaeolagus show the ancestral shape
of the M3, which already in the Oligocene (Desmatolagus spp.) changed and stays in this
modified condition until recently.
The PC2 (18.6% of total shape variability) shows the mesio-distal narrowing and
bucco-lingual extension of the M3 shape. The distribution of the species shows that in
general the form of the M3 is conservative for lagomorphs from the Oligocene to the
Holocene. Only the teeth of Palaeolagus show a high shape diversity which is connected
to the change of the M3 shape during wear; for worn teeth the morphospace is shared with
most of the lagomorphs analyzed. In general, the shape of the M3 varies for the PC2
between 0.1 to -0.1. Single individuals of Desmatolagus gobiensis and ‘Shamolagus’
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franconicus, and a few individuals of Paleolagus spp. have more negative PC2 values, so
their M3 is wider mesio-distally and shorter bucco-lingually. On the other hand, several
Paleolagus spp. have high positive values of the PC2, indicating that the M2 is short mesiodistally and wider bucallo-lingually.
The M3 shape changes for the PC1 and PC2 show that in the Eocene the shape of
the M3 was more variable, and this variability is also expressed during wear of Palaeolagus
spp. teeth. However, in the evolution of Lagomorpha the M3 quickly acquired a stable
shape, which remains unchanged in the genera which did not lose the M3, such as, e.g.,
Ochotona spp.
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Figure 100. Shape variability of the P2 in the Eocene to late Oligocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged
shape of all analysed P2: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 101. Shape variability of the P2 in the Miocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged shape of all
analysed P2: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 102. Shape variability of the P2 in the Pliocene to Holocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged shape
of all analysed P2: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 103. Shape variability of the P2 in the late Oligocene and Holocene in North America, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged
shape of all analysed P2: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 104. Shape variability of the P3 in the Eocene to late Oligocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged
shape of all analysed P3: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 105. Shape variability of the P3 in the Miocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged shape of all
analysed P3: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 106. Shape variability of the P3 in the Pliocene to Holocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged shape
of all analysed P3: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 107. Shape variability of the P3 in the late Oligocene and Holocene in North America, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged
shape of all analysed P3: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 108. Shape variability of the P4 in the Eocene to late Oligocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged
shape of all analysed P4: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 109. Shape variability of the P4 in the Miocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged shape of all
analysed P4: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 110. Shape variability of the P4 in the Pliocene to Holocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged shape
of all analysed P4: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 111. Shape variability of the P4 in the late Oligocene and Holocene in North America, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged
shape of all analysed P4: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 112. Shape variability of the M1 in the Eocene to late Oligocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged
shape of all analysed M1: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 113. Shape variability of the M1 in the Miocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged shape of all
analysed M1: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 114. Shape variability of the M1 in the Pliocene to Holocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged
shape of all analysed M1: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 115. Shape variability of the M1 in the late Oligocene and Holocene in North America, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged
shape of all analysed M1: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 116. Shape variability of the M2 in the Eocene to late Oligocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged
shape of all analysed M2: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 117. Shape variability of the M2 in the Miocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged shape of all
analysed M2: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 118. Shape variability of the M2 in the Pliocene to Holocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged
shape of all analysed M2: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 119. Shape variability of the M2 in the late Oligocene and Holocene in North America, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged
shape of all analysed M2: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 120. Shape variability of the M3 based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged shape of all analysed M2: the blue areas indicate
expansion of the surface and red show the reduction of the surface of the tooth.The extinct lagomorphs are represented by the Eocene Asian Gobiolagus spp. and Shamolagus medius; Oligocene
North American Palaeolagus spp.; Oligocene Asian Ordolagus teilhardi, and Desmatolagus spp.; and Pliocene European Hypolagus spp.

Dental evolution in duplicidentate Glires (Mammalia)

6.4.7. Principal Component Analysis for the p3
The first and second Principal Component account for 68,32% of the total shape
variation (Figures 121-124). The PC1 explains 55.15% of the total shape variability of the
p3. The most positive values are represented by the recent Leporidae, Eurolagus fontannesi
(except one individual), majority of ‘Amphilagus’ ulmensis (excluding three individuals),
and only five individuals of Palaeolagus spp. Less positive, closer to the 0 value, are:
Hypolagus spp., Prolagus spp., and Megalagus turgidus. The negative scores are occupied
by Ochotona spp., Palaeolagus spp., Lagopsis verus, ‘Piezodus’ tomerdingensis, Piezodus
branssatensis, Titanomys visenoviensis, ‘Shamolagus’ franconicus, Alloptox gobiensis,
‘Amphilagus’ orientalis, ‘Amphilagus’ magnus (with one exception), Bellatona spp.,
Sinolagomys spp. (with two exceptions), Desmatolagus spp., Ordolagus teilhardi,
Bohlinotona pusilla, and all the Eocene Duplicidentata. The shape changes expressed by
the PC1 are connected with the deepening of the hypoflexid and extension of the lingual
side of the trigonid. Thus, the species with shallow hypoflexid of the p3 have negative PC1
scores and the lagomorphs having p3 with deep hypoflexid have the most positive values
of PC1. Eurolagus fontannesi, Amphilagus antiquus, and Palaeolagus spp. show a wide
range of PC1 values (-0.4–0.4). This is because during wear the hypoflexid is closed due
to the appearance of a connection between the trigonid and talonid at the buccal side.
The explained variability for the PC2 axis is 13.17%. The most positive values of
the PC2 are seen for Prolagus spp. The values between 0.2 and 0 are represented by:
Ochotona spp., Lagopsis verus, ‘Prolagus’ schnaitheimensis, ‘Piezodus’ tomerdingensis,
Piezodus branssatensis, Alloptox gobiensis, three individuals of Amphilagus antiquus, and
‘Shamolagus’ franconicus. The specimens of Titanomys visenoviensis are located between
-0.2–0.2. Negative values of the PC2 are represented by the recent Leporidae, Hypolagus
spp., Eurolagus fontannesi, most of the individuals of Amphilagus antiquus, Megalagus
turgidus, Palaeolagus spp., Sinolagomys spp., Bellatona spp., ‘Amphilagus’ spp.,
Desmatolagus spp., Bohlinotona pusilla, Ordolagus teilhardi, and the Eocene
duplicidentates. The distribution of the taxa along the PC2 axis is related to the shallowing
of the hypoflexid, complication of the trigonid structure, and extension of the talonid.
Lagomorphs with reduced trigonid dominated the Eocene-early Miocene of Asia. In
contrast, such a structure of the p3 was not common in the Oligocene-Miocene of Europe,
where at the time the trigonid was rather similar in size to the talonid.
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6.4.8. Principal Component Analysis for the p4
The two first Principal Components explain only 57.71% of the total shape variation
(Figures 125-128), thus the results need to be interpreted with caution. The PC1 explains
42.57% of the total shape variance of the p4. The positive PC1 scores are represented by
the recent Lagomorpha, most of Hypolagus spp. individuals, Prolagus spp., Lagopsis
verus, Alloptox gobiensis, Mytonolagus petersoni, and majority of Bellatona spp. The
Palaeolagus specimens are located between -0.15 and 0.1. The distribution of the
specimens of Desmatolagus spp., ‘Amphilagus’ spp., Piezodus spp., Amphilagus spp., and
Titanomys visenoviensis is wide along the PC1 axis, from -0.3 to 0 or even 0.1. However,
only Titanomys visenoviensis and ‘Piezodus’ tomerdingensis have several individuals with
positive PC1 values. Other lagomorphs listed above are located only within the negative
PC1 values. A smaller morphospace is occupied by Eurolagus fontannesi and
‘Shamolagus’ franconicus, from -0.2 to 0. Slightly negative PC1 scores are seen for
Megalagus turgidus, Sinolagomys spp., Ordolagus teilhardi, Bohlinotona pusilla, and all
the Eocene taxa, except Gomphos elkema. The shape changes expressed by the PC1 values
are connected to the mesio-distal length and bucco-lingual width of the talonid, and the
mesio-buccal margin of the trigonid. The Duplicidentata in which the talonid is long and
narrow have negative PC1 values. The lagomorphs in which the talonid has the
hypoconulid, which during wear closes and forms the hypoflexid lake, have a wide
distribution along the PC1 axis. It shows that after the hypoconulid connects to the lingual
margin of talonid, the talonid becomes slenderer than when the hypoconlid is present.
Interestingly, the shape of the talonid after the connection with the hypoconulid changes
more in the European taxa than the North American Palaeolagus spp. Finally, the teeth in
which the talonid shape is stable during wear, short mesio-distally and wide buccolingually, have positive regression scores.
The PC2 explains 15.14% of the total shape variability of the p4. Similarly to the
PC1, the lagomorphs in which the hypoconulid connects to the talonid during wear have
wide distribution along the PC2 (Desmatolagus spp., ‘Amphilagus’ spp., Piezodus spp.,
Amphilagus spp., Titanomys visenoviensis). The modern species, Hypolagus spp., Prolagus
spp., Lagopsis verus, Alloptox gobiensis, Bellatona spp., Sinolagomys spp., Bohlinotona
pusilla, and the Eocene taxa have values from -0.01 to 0.1. Interestingly, Hypolagus spp.,
shares the values of the PC2 with Gobiolagus spp. and Shamolagus medius (-0.1 to 0), not
with Lepus (0 to 0.1). The shape reflected by the PC2 is connected to the mesio-lingual and
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distalo-buccal reduction of the trigonid size and extension of the lingual margin of the
talonid with growing values of the PC2. Similar to the PC1, in the lagomorphs in which the
hypoconulid connected to the talonid, the shape changes are larger than when the
hypoconulid is absent. Also, the European lagomorphs show higher disparity than the North
American Paleolagus spp. This is because in Palaeolagus the hypoconulid of the p4 closes
quickly, and does not form the hypoflexid lake.

6.4.9. Principal Component Analysis for the m1
The shape variability explained by the first two Principal Components is low,
accounts for 49.82%, thus that more than 50% of values distribution is not illustrated by
the two first Principal Components, so the results need to be interpreted with caution
(Figures 129-132). The PC1 shows 32.41% of the total variability of the m1. Positive PC1
scores are seen for Alloptox gobiensis, Bellatona spp., Prolagus spp., Lagopsis verus,
Ochotona spp., and the recent Leporidae (with few exceptions). Slightly negative PC1
scores (-0.1–0) are occupied by Sinolagomys spp., Hypolagus spp., Megalagus turgidus,
Mytonolagus petersoni, ‘Shamolagus’ franconicus, Bohlinotona pusilla, Ordolagus
teilhardi, Gobiolagus spp., Shamolagus medius, and Strenulagus solaris. Also negative
regression scores, but wider distributed (from 0 to -0.2) are represented by Titanomys
visenoviensis, Piezodus branssatensis, Amphilagus spp., Desmatolagus spp., and Gomphos
elkema. Paleolagus spp., varies from 0.05 to -0.15, ‘Piezodus’ tomerdingensis from 0.1 to
-0.15, Eurolagus fontannesi from 0.15 to -0.2, and ‘Amphilagus’ spp. from 0.25 to -0.05.
The shape changes along the PC1 are connected to the shape of the talonid, which becomes
wider and shorter with higher values of the PC1. The lagomorph teeth with slender talonids
have positive PC1 scores and with increase of the robustness of the talonid, the PC1 values
get more negative. As for the p4, the lagomorph teeth in which the hypoconulid appears
and subsequently fuses with the talonid lingually have wide distributions along the PC1
axis. Similar to the p4, the talonid of the m1 also becomes slenderer after the hypoconulid
disappears during wear.
The PC2 axis shows the changes in the proportion between the size of the trigonid
and talonid, explaining 17.41% of the total variability of the m1. With the increase of the
values of the PC2, the trigonid gets smaller and the talonid bigger. Positive PC2 scores
signifying slender trigonid and larger talonid are occupied by Ochotona spp., Lagopsis
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verus, ‘Prolagus’ schnaitheimensis, Bellatona spp., Alloptox gobiensis, and Gomphos
elkema. Many lagomorphs are present between the PC2 values of -0.1 and 0.1: Bohlinotona
pusilla, Ordolagus teihardi, Piezodus spp., Sinolagomys spp., Prolagus spp., and the recent
Leporidae. Negative regression scores, expressing the talonid smaller than the trigonid, are
represented by Gobiolagus spp., Shamolagus medius, Strenulagus solaris, ‘Shamolagus’
franconicus, Hypolagus spp., Megalagus turgidus, and Mytonolagus petersoni. The
lagomorph teeth with the hypoconulid are placed between -0.15 and 0.2. During wear, the
shape of their m1 changes: the trigonid becomes smaller and talonid bigger.

6.4.10. Principal Component Analysis for the m2
The fist and second Principal Components explain 58,45% of the total shape
variability of the m2, so more than 41% of the total shape variability is missing for the first
two axes (Figures 133-136). The PC1 explains 42.65% of the total variability of the m2.
The positive PC1 scores are occupied by the recent lagomorphs, most individuals of
Hypolagus spp., Megalagus turgidus, Mytonolagus petersoni, Lagopsis verus, Eurolagus
fontannesi (with one exception), Alloptox gobiensis, Bellatona spp., Ordolagus teilhardi,
Gobiolagus spp., Shamolagus medius, Strenulagus solaris, and Dawsonolagus antiquus.
Between -0.1 and 0.1 are placed: Gomphos elkema, Desmatolagus spp. (with few
exceptions with more negative values), Bohlinotona pusilla, and Sinolagomys spp.
Paleolagus spp. is distributed from -0.25 to 0.1, however, most of the individuals occupies
positive regression values. Negative PC1 scores are seen for Piezodus spp., Amphilagus
spp., ‘Amphilagus’ spp., Titanomys visenoviensis, and ‘Shamolagus’ franconicus. With
increasingly positive values of the PC1, the shape of the trigonid gets reduced mesially and
expanded distally and the talonid becomes shorter and wider. The presence of the
hypoconulid separates the lagomorph teeth. In contrast to Desmatolagus spp. and
Palaeolagus spp., most of the European species (‘Shamolagus’ franconicus, Amphilagus
spp., Piezodus spp., and Titanomys visenoviensis) and one Asian genus (‘Amphilagus’ spp.)
have the hypoconulid or hypoflexid lake present for most of their wear stages. In
comparison to the p4–m1, the morphospaces do not overlap with the lagomorphs without
hypoconulid. The only exception is Eurolagus, in which most individuals have positive
PC1 scores, with the exception of one individual.
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The PC2 gives 15.8% of the total variability of the m2. Negative PC1 scores are
occupied by Ochotona spp., majority of the individuals of the late Oligocene–middle
Miocene species of the European lagomorphs (Amphilagus spp., Piezodus spp., Titanomys
visenoviensis, Eurolagus fontannesi, and Lagopsis verus), but also the early Miocene Asian
taxa: Bellatona spp. and Alloptox gobiensis. Individuals of Sinolagomys spp. are present
within both positive and negative PC1 scores, close to the 0 value. The Eocene
Duplicidentata,

Ordolagus

teilhardi,

Desmatolagus

spp.,

Bohlinotona

pusilla,

‘Amphilagus’ spp., ‘Shamolagus’ franconicus, Megalagus turgidus, Hypolagus spp., Lepus
spp., and Oryctolagus cuniculus have positive PC2 scores. Negative PC2 values are
occupied by Mytonolagus petersoni, Alloptox gobiensis, Bellatona spp., Lagopsis verus,
Sylvilagus spp., and Ochotona spp. The shape changes along the PC2 axis are connected to
the reduction of the mesial part of the trigonid and its bucco-lingual extension, and
reduction of the linguo-distal side of the talonid with the extension of the lingual side. The
lagomorph teeth of the Eocene-Oligocene of Asia and the early Miocene ‘Amphilagus’ spp.
overlap with the PC2 values of the recent Lepus spp., indicating the presence of a robust
talonid. Contrarily to them, the late Oligocene-middle Miocene lagomorphs of Europe and
most of the species of the early Miocene of Asia overlap the Ochotonidae PC2 scores.
Those species share a slender talonid. The individuals of Palaeolagus spp. and Sylvilagus
spp. overlap both the recent Ochotonidae and Lepus spp. PC2 scores.

6.4.11. Principal Component Analysis for the m3
The shape variability explained by the first two axes is 87.49% of the total shape
variability, so it is well represented (Figure 137). The PC1 indicating the reduction of the
talonid accounts for 77.26% of the total shape variability of the m3. Positive regression
scores are represented by the lagomorphs without talonid: Ochotona spp., Lagopsis verus,
Bohlinotona pusilla, ‘Amphilagus’ magnus, Sinolagomys spp., and Bellatona spp. slightly
positive, close to 0 value PC1 scores are seen for Eurolagus fontannesi. Majority of
Desmatolagus spp. has negative PC1 scores, but five individuals have slightly negative
PC1 scores, similar to Eurolagus. Negative PC1 values from 0.0 to -0.2 are occupied by
the recent Leporidae, ‘Shamolagus’ franconicus, ‘Amphilagus’ orientalis, Mytonolagus
petersoni, Hypolagus spp., and Gomphos elkema. Values lower than -0.2 are seen for
Megalagus turgidus, Gobiolagus spp., Dawsonolagus antiquus, and one individual of
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Desmatolagus robustus. The individuals of Palaeolagus spp. are placed between -0.1 to 0.3. The distribution of the taxa along the PC1 is connected to the size of the talonid. The
species with the biggest talonid have the most negative PC1 values, and the taxa lacking
the talonid have the most positive scores.
The PC2 accounts for the 10.23% of variability. All the lagomorphs lacking the
talonid occupy similar PC2 scores, from -0.2 to 0.2. Most of them are shape-wise similar
to the recent Ochotona spp., with the exception of Bellatona spp. (values closer to 0.2).
Majority of the recent Leporidae, Hypolagus spp., and Dawsonolagus antiquus have the
most negative PC2 scores. All the other extinct lagomorphs are placed between 0 and 0.2
of the PC2 value. The shape changes are connected to the buccal extension of the trigonid
and lingual elongation of the talonid. The trigonid of the recent Leporidae and Hypolagus
is wider in the buccal than in the lingual part. In the extinct lagomorphs it is similar in
length in the buccal and lingual part, also there is no lingual connection between the trigonid
and talonid.
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Figure 121. Shape variability of the p3 in the Eocene to late Oligocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged
shape of all analysed p3: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 122. Shape variability of the p3 in the Miocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged shape of all
analysed p3: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 123. Shape variability of the p3 in the Pliocene to Holocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged shape
of all analysed p3: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 124. Shape variability of the p3 in the Eocene, late Oligocene and Holocene in North America, based on the Principal Component Analysis. Shape changes are figured as the outline of
the averaged shape of all analysed p3: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 125. Shape variability of the p4 in the Eocene to late Oligocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged
shape of all analysed p4: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 126. Shape variability of the p4 in the Miocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged shape of all
analysed p4: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 127. Shape variability of the p4 in the Pliocene to Holocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged shape
of all analysed p4: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 128. Shape variability of the p4 in the Eocene, late Oligocene and Holocene in North America, based on the Principal Component Analysis. Shape changes are figured as the outline of the
averaged shape of all analysed p4: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 129. Shape variability of the m1 in the Eocene to late Oligocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged
shape of all analysed m1: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 130. Shape variability of the m1 in the Miocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged shape of all
analysed m1: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 131. Shape variability of the m1 in the Pliocene to Holocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged
shape of all analysed m1: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 132. Shape variability of the m1 in the Eocene, late Oligocene and Holocene in North America, based on the Principal Component Analysis. Shape changes are figured as the outline of the
averaged shape of all analysed m1: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 133. Shape variability of the m2 in the Eocene to late Oligocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged
shape of all analysed m2: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 134. Shape variability of the m2 in the Miocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged shape of all
analysed m2: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 135. Shape variability of the m2 in the Pliocene to Holocene in Europe and Asia, based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged
shape of all analysed m2: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 136. Shape variability of the m2 in the Eocene, late Oligocene and Holocene in North America, based on the Principal Component Analysis. Shape changes are figured as the outline of the
averaged shape of all analysed m2: the blue areas indicate expansion of the surface and red show the reduction of the surface of the tooth.

Figure 137. Shape variability of the m3 based on the Principal Component Analysis. Shape changes are figured as the outline of the averaged shape of all analysed m1: the blue areas indicate
expansion of the surface and red show the reduction of the surface of the tooth. The extinct species include the Eocene Asian Gomphos elkema, Dawsonolagus antiquus, Gobiolagus spp.,
Shamolagus medius, and Eocene North American Mytonolagus petersoni; Oligocene North American Palaeolagus spp. and Megalagus turgidus; Oligocene Asian Desamtolagus spp. and
Bohlinotona pusilla; Oligocene European ‘Shamolagus’ franconicus; Miocene European Lagopsis verus and Eurolagus fontannesi; Miocene African Austrolagomys inexpectatus; Miocene Asian
‘Amphilagus’ spp., Sinolagomys spp., and Bellatona spp.; and Pliocene European Hypolagus spp.
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6.5. Canonical Variate Analysis: cheek teeth occlusal surface shape
variability between the duplicidentate species
6.5.1. Canonical Variate Analysis for the P3
The Canonical Variate Analysis (CVA) for the P3 includes five extinct
Lagomorpha: Alloptox gobiensis, Amphilagus antiquus, Desmatolagus gobiensis,
Paleolagus haydeni, and Prolagus oeningensis. The extant lagomorphs are represented by:
Lepus americanus, Lepus brachyurus, Lepus capensis, Lepus europaeus, Lepus microtis,
Lepus nigricollis, Sylvilagus brasiliensis, Sylvilagus nuttallii, Ochotona alpina, Ochotona
curzoniae, and Ochotona dauurica. The Mahalanobis and Procrustes distances between the
groups are statistically significant for all the species (see Supplementary Information),
except for the Procrustes distances between Lepus brachyurus and both Lepus microtis (P
= 0.0958) and Lepus americanus (P = 0.1462) as well as between Lepus capensis and both
Lepus microtis (P = 0.1193) and Lepus nigricollis (P = 0.1003). So, the differences between
those Lepus species are not significant according to the Procrustes distances, but significant
for Mahalanobis distances.
The first two Canonical Variates (CV) are well explaining the total shape
variability, accounting for 74.18% of it (Figure 138). In general, the genera are distributed
along the CV1 explaining 50.61% of the total shape variability of the P3. The positive CV1
scores are represented only by Lepus spp. and Sylvilagus spp. Then, between the values of
0 and -20 of the CV1, are: Palaeolagus haydeni, Alloptox gobiensis, and Ochotona spp.
The morphospace of Palaeolagus haydeni overlaps Ochotona dauurica. Then, more
negative scores are seen for Alloptox gobiensis, and further Ochotona curzoniae and
Ochotona alpina. Just before -40 are placed Prolagus oeningensis and Amphilagus
antiquus. The most negative values of the CV1 are occupied by Desmatolagus gobiensis.
The distribution of the taxa along the CV1 axis is correlated with the development of the
mesial part of the P3. The species in which the P3 is clearly trilobate, with well-developed
paraflexus and mesoflexus, have the most negative values of the CV1. Then, closer to 0,
are the lagomorphs in which the mesoflexus is shallow, but paraflexus (which can close to
form a crescent) is deep. Finally, the lagomorphs having molarized P3 have positive values,
and the paraflexus and mesoflexus are absent.
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The CV2 shows 23.57% of the total shape variability. The most positive values are
represented by Prolagus oeningensis. The 0 value is occupied by Amphilagus antiquus,
Lepus spp., and Sylvilagus spp. slightly negative CV2 scores are seen for: Ochotona spp.,
Paleolagus haydeni, and Alloptox gobiensis. The most negative values are occupied by
Desmatolagus gobiensis. The shape changes expressed by the values of the CV2 are
connected to the slenderness of the buccal margin and extension of the mesial margin of
the P3. Thus, Prolagus oeningensis has triangular P3 while Desmatolagus gobiensis has
the P3 mesio-distally compressed with a robust buccal part.

6.5.2. Canonical Variate Analysis for the P4
The CVA for the P4 includes the same lagomorphs as for the P3 and additionally
Sinolagomys major. The Mahalanobis distances between the groups are statistically
significant for all species. The Procrustes distances between the groups are statistically
significant for most of the analyzed species (see Supplementary Information). The
exceptions are the distances between: Alloptox gobiensis and Ochotona curzoniae (P =
0.0504; Lepus brachyurus and Lepus nigricollis (P = 0.0530), Sylvilagus brasiliensis (P =
0.1516), and Sylvilagus nuttallii (P = 0.3129); Lepus capensis and Lepus microtis (P =
0.1676); Lepus microtis and Lepus nigricollis (P = 0.182); Lepus americanus and both
Lepus nigricollis (P = 0.0805) and Sylvilagus brasiliensis (P = 0.1393); Lepus nigricollis
and Sylvilagus brasiliensis (P = 0.0602) and Sylvilagus nuttallii (P = 0.0576); Ochotona
alpina and Ochotona dauurica (P = 0.111); and Sylvilagus brasiliensis and Sylvilagus
nuttallii (P = 0.2618). So, the Procrustes distances between those pairs of lagomorphs are
not significant, but the Mahalanobis distances for them are significant.
The Canonical Variate 1 and 2 account for 67.99% of the total shape variation
(Figure 138). The species are distributed along the CV1, which explains 50.61% of the total
variability. The most positive values are occupied by the recent lagomorphs (Lepus spp.,
Sylvilagus spp., and Ochotona spp.) and Alloptox gobiensis. The individuals strongly
diverging from the confidence ellipses of Sylvilagus brasiliensis are juveniles. Prolagus
oeningensis and Sinolagomys major overlap each other, ranging from -5 to 2.5 of the CV1
value. Prolagus oeningensis presents wider morphospace than Sinolagomys major, but
majority of the individuals overlap each other. Paleolagus haydeni has more negative CV1
values. Several individuals are present outside of the main variability of Palaeolagus
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haydeni and placed between it and Prolagus oeningensis, one individual is even inside the
morphospace of Prolagus oeningensis. Those specimens of Palaeolagus haydeni are
characterized by the presence of the end of the hypostrial lake deeper buccally than in the
less worn teeth, in which the hypoflexid is still open. Highly negative CV1 scores are
represented by Amphilagus antiquus and Desmatolagus gobiensis, the morphospaces of
which overlap each other. The shape changes of the P4 expressed by the CV1 axis are
connected to the deepening of the hypoflexus, expansion of the anteroloph size, and
decrease of the posteroloph size with increasing CV1 scores.
The CV2 explains 17.38% of the total variability of the P4. The most positive CV2
values are occupied by recent Leporidae (Lepus spp. and Sylvilagus spp.), Amphilagus
antiquus, and Desmatolagus gobiensis. A few individuals of all listed species cross the 0
value and have slightly negative CV2 scores, but the main variance is located within
positive values of the CV2. Slightly negative CV2 scores, from 0 to -5, are represented by
Palaeolagus haydeni, Prolagus oeningensis, and Sinolagomys major. They are also seen
for a few specimens of Alloptox gobiensis, but majority of the individuals of that species
share the most negative CV2 scores with Ochotona spp. The shape changes accompanying
the CV2 axis are connected to the approach of the lingual tips of the anteroloph and
posteroloph towards each other, and increase in size of the buccal margin of the P4. So, the
Lagomorpha in which the buccal extreme points are close to each other have positive CV2
values, and with the buccal tips moving away from each other, the values get more negative.
Those changes seems to correlate with mesio-distal compression of the teeth and its buccal
extension.

6.5.3. Canonical Variate Analysis for the M1
The CVA analysis for the M1 has the same Lagomorpha included as for the P4,
excluding only Alloptox gobiensis. The Mahalanobis distances between the groups and the
Procrustes distances between the groups are statistically significant for all the species (see
Supplementary Information), excluding the Procrustes distances between Lepus capensis
and both Lepus brachyurus (P = 0.0546) and Lepus microtis (P = 0.1016); Lepus europaeus
and both Lepus microtis (P = 0.1529) and Lepus nigricollis (P = 0.1524); between Lepus
microtis and both Lepus nigricollis (P = 0.1453) and Sylvilagus nuttallii (P = 0.1855); and
between Ochotona dauurica and Ochotona curzoniae (P = 0.3028). Thus, the differences
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between those pairs of species are not significant according to the Procrustes distances, but
all are significant according to the Mahalanobis distances.
The first two Canonical Variates represent 71.47% of the total shape variation
(Figure 138). The CV1 explains 39.34% of the total shape variability of the M1. The most
positive values of the CV1 are occupied by Desmatolagus gobiensis. Less positive values
are seen for Amphilagus antiquus and Palaeolagus haydeni, which overlap each other.
Located between 5 and -2.5 of the CV1 values is Sinolagomys major, however the majority
of the specimens has positive CV1 values. Negative values from 0 to -5 are shared by Lepus
spp., Sylvilagus spp., and Prolagus oeningensis. A few specimens of Sylvilagus brasiliensis
and one of Prolagus oeningensis and Lepus europaeus move to more negative values. The
most negative values are represented by Ochotona spp. The shape changes described by
the CV1 are connected to the shallowing of the hypoflexus, size reduction of the anteroloph,
and distal deflection of the posteroloph. Thus, the lagomorphs with the most positive values
of the CV1 have shallow hypoflexus, small anteroloph, and their posteroloph is deflected
distally. With the decrease of the CV1 values, the M1 gains deeper hypostria, larger
anteroloph, and the talonid moves mesially.
The CV2 explaining 32.13% of the total shape variability separates the lagomorphs
into three groups: Ochotona spp. with the most positive values, the extinct lagomorphs
ranging from 0 to 5, and the recent Leporidae occupying the most negative CV2 scores.
The juveniles of Lepus spp. are placed closer to the 0 value, a juvenile of Lepus brachyurus
is even present in the morphospace of Prolagus oeningensis. Thus, the morphospaces of
Lepus brachyurus, but also Sylvilagus brasiliensis, also including juveniles, are placed
closer to Prolagus oeningensis than to other recent Leporidae. The morphospace of
Ochotona alpina does not overlap with the other species of Ochotona, but is places between
Ochotona spp. and the extinct Lagomorpha. The shape of the M1 changes along the CV2
axis. With higher values the posteroloph becomes bigger, but the anteroloph smaller and
deflected mesially. This distinguishes the recent Ochotonidae from the recent Leporidae,
so the groups occupy extreme, opposite values of the CV2. Ochotona alpina shares more
similarities to the extinct lagomorphs in the shape of the M1 than Ochotona curzoniae or
Ochotona dauurica.
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6.5.4. Canonical Variate Analysis for the M2
The CVA analysis for the M2 includes less species in comparison to the CVA for
the P3–M1. The included extinct species are: Amphilagus antiquus, Desmatolagus
gobiensis, and Palaeolagus haydeni. The recent species are consistent with the previous
CVA, excluding only Sylvilagus nuttallii. The Mahalanobis distances between the groups
and the Procrustes distances between the groups are statistically significant for all the
species (see Supplementary Information), excluding the Procrustes distances between
Lepus brachyurus and both Lepus microtis (P = 0.1750) and Lepus nigricollis (P = 0.1402);
Lepus microtis and Lepus nigricollis (P = 0.0915); and Ochotona dauurica and Ochotona
curzoniae (P = 0.075). The differences between those pairs of species are not significant
according to the Procrustes distances, but all distances between lagomorph groups are
significant according to the Mahalanobis distances.
The Canonical Variate 1 and 2 show 88.68% of the total shape variation, so the total
variation of the M2 is well represented by the first two axes (Figure 138). The CV1 explains
78.44% of the total shape variability of the M2. Positive values are occupied only by
Ochotona spp. Negative values of the CV1, from 0 to -10, are seen for the recent Leporidae
(Lepus spp. and Sylvilagus brasiliensis), Palaeolagus haydeni, Amphilagus antiquus, and
Desmatolagus gobiensis. The lagomorph teeth are distributed along the CV1 axis according
to the presence of a small additional lobe protruding distally from the posteroloph. The
teeth with this structure have the most positive CV1 values, and the teeth lacking it,
negative.
The analyzed species are distributed along the CV2 axis, which explains 10.24% of
the shape variability. The most positive values are occupied by the recent Leporidae. The
recent Ochotonidae are distributed around the 0 value. The extinct Lagomorpha represent
negative CV2 values, Palaeolagus haydeni is the closest to 0 value, Amphilagus antiquus
is placed around -10, and Desmatolagus gobiensis has the most negative CV2 values (from
-10 to -20). The shape changes connected to higher values of the CV2 axis are connected
to the deepening of the hypoflexus, approach of the lingual tips of the anteroloph and
posteroloph towards each other, and buccal increase in size of the M2. Thus, those
lagomorphs in which the hypoflexus is very deep and the lingual tips of the anteroloph and
posteroloph are close to each other, occupy the most positive CV2 scores. On the other
side, with the most negative CV2 values are the lagomorphs having the M2 with shallow
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hypoflexus and the lingual tips of anteroloph and posteroloph pointing away from each
other.
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Figure 138. The Canonical Variate Analysis of the upper cheek teeth. Shape changes are expressed as the outline of the averaged shape of all analysed teeth: the blue areas indicate expansion of
the surface and red show the reduction of the surface of the tooth
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6.5.5. Canonical Variate Analysis for the p3
The extinct Lagomorpha included in the CVA for the p3 are Alloptox gobiensis,
Desmatolagus gobiensis, Lagopsis verus, Paleolagus haydeni, and Prolagus oeningensis.
The recent lagomorphs are the same as for the M2. The Mahalanobis distances between the
groups and the Procrustes distances between the groups are statistically significant for all
the species (see Supplementary Information), excluding the Procrustes distances between
Lepus brachyurus and both Sylvilagus brasiliensis (P=0.4235) and Lepus nigricollis (P =
0.4838); and between Sylvilagus brasiliensis and Lepus nigricollis (P = 0.3185). So,
according to the Procrustes distances, the differences between those listed above pairs of
species is not significant, but the Mahalanobis distances counted them as significant.
The first two Canonical Variates explain only half of the total shape variation of the
p3. The CV1 explains 32.05% of the total shape variability of the p3 (Figure 139). The
most positive values, around 120, are occupied by Prolagus oeningensis. Between 20 and
-20 are placed all the other analyzed lagomorphs. The most positive values in this group
are seen for Lagopsis verus. Closer to the 0 value is Lepus nigricollis, and the 0 value is
occupied by Lepus capensis and Lepus americanus. Slightly negative CV1 scores are seen
for: Palaeolagus haydeni, Sylvilagus brasiliensis, Ochotona alpina, Lepus microtis, and
(overlapping with the latter) Lepus europaeus. Alloptox gobiensis, Desmatolagus
gobiensis, Lepus brachyurus, Ochotona curzoniae have higher negative scores. Ochotona
dauurica has the most negative CV1 scores. The shape changes reflected by the CV1 are
connected to the complexity of the trigonid. Prolagus oeningensis, which occupies the most
positive values, has the most complex trigonid.
The species are distributed along the CV2 axis which explains 18.71% of the total
shape variability. The most positive CV2 scores are occupied by Alloptox gobiensis and
Lagopsis verus. Less positive CV2 values are seen for Desmatolagus gobiensis and
Palaeolagus haydeni. The 0 value is occupied by Lepus europaeus and Lepus microtis.
Within slightly negative CV2 scores are located: Lepus brachyurus, Lepus capensis, Lepus
nigricollis, Sylvilagus brasiliensis, Ochotona curzoniae, and Prolagus oeningensis. More
negative values are seen for Lepus americanus and Ochotona dauurica. Finally, Ochotona
alpina has the most negative values. With higher values of the CV1 axis, the mesiallolinguallo-buccal margins of the trigonid are reduced in size, and the mesoflexid is present,
so the hypoflexid is shallower. Thus, the lagomorphs in which the trigonid is separated
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from the talonid by both the mesoflexid and hypoflexis have the most positive values of
the CV1. Less positive values are shared by the lagomorphs in which the trigonid is
separated form the reduced or similar-sized talonid only by shallow hypoflexus. The
Lagomorpha with negative CV1 values have the trigonid bigger than the talonid.

6.5.6. Canonical Variate Analysis for the p4
The CVA for the p4 includes more extinct lagomorphs species than the analysis for
p3. The included extinct lagomorphs are: ‘Amphilagus’ magnus, Desmatolagus gobiensis,
Hypolagus beremendensis, Palaeolagus haydeni, Prolagus oeningensis, Prolagus sp. from
Betfia, Sinolagomys major, Titanomys visenoviensis. The recent species are represented by:
Lepus americanus, Lepus brachyurus, Lepus capensis, Lepus europaeus, Lepus microtis,
Oryctolagus cuniculus, Sylvilagus brasiliensis, Ochotona alpina, Ochotona curzoniae, and
Ochotona dauurica. The Mahalanobis distances between the groups and the Procrustes
distances between the groups are statistically significant for all the species (see
Supplementary Information), excluding the Procrustes distance between Sylvilagus
brasiliensis and Lepus microtis (P = 0.0541). Thus, the differences between those pairs of
species are not significant according to the Procrustes distances, but significant according
to the Mahalanobis distances.
60.41% of the total shape variation is explained by the first two Canonical Variates.
The species are distributed along the CV1 axis, which explains 40.75% of the total shape
variability of the p4 (Figure 139). The most positive values are shared by Desmatolagus
gobiensis and most of the individuals of ‘Amphilagus’ magnus, which even overlap the
Desmatolagus gobiensis morphospace. The rest of the ‘Amphilagus’ magnus specimens
have less positive values and are placed closer to the morphospace of Sinolagomys major.
This, in turn, overlaps a bit the morphospace of Titanomys visenoviensis, which has the
CV1 values ranging from 5 to 0, similar to Palaeolagus haydeni and Hypolagus
beremendensis. The morphospaces of those three species overlap in some parts. The values
around 0 to -5 are occupied by the recent Leporidae (Lepus spp., Sylvilagus brasiliensis,
and Oryctolagus cuniculus). Prolagus oeningensis represents more negative CV1 scores,
and the most negative values of CV1 are represented by Ochotona spp. and Prolagus sp.
from Betfia. The latter occupies the space stretching from Prolagus oeningensis to
Ochotona spp., but most of the individuals are placed within the Ochotona spp.
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morphospace. The shape of the p4 changes with the growing values of the CV1 axis,
showing the extension of the lingual part of the trigonid and reduction of its distal part, and
the bucco-lingual reduction and mesio-distal enlargement of the talonid. This shape, with
the talonid longer than wide, is characteristic for the extinct Lagomorpha. The width of the
talonid appears to be even larger because of the presence of the hypoconulid in, e.g.,
Desmatolagus gobiensis. However, the loss of the hypoconulid is not correlated with the
slenderness of the talonid of the p4, because Sinolagomys major or Hypolagus
beremendensis does not have the hypoconulid of the p4, but their morphospaces overlap
with the taxa which posses the hypoconulid of their p4. Recent Leporidae have slender
talonids of the p4, but recent Ochotona spp. and the extinct Prolagus spp. exhibit an
extreme slenderness of the p4 talonid.
The CV2 explains 19.66% of the total shape variability of the p4. The recent
Ochotonidae and Prolagus sp. from Betfia represent the most positive values of the CV1,
and, on the contrary, the most negative CV1 scores are seen for the recent Leporidae.
Between them, closer to the Leporidae, is present Hypolagus beremendensis, having values
from 2 to -2.5. Palaeolagus haydeni, Titanomys visenoviensis, and Sinolagomys major are
also placed close to the 0 value, but most of their representatives have slightly positive CV1
scores. More positive CV1 scores are represented by ‘Amphilagus’ magnus, Desmatolagus
gobiensis, and Prolagus oeningensis. The shape changes reflected by the CV2 axis are
connected to the bucco-linguo-distal reduction of the trigonid and mesio-distal expansion
of the talonid. Thus, the lagomorphs with the most positive values have narrower trigonid
and longer talonid and are represented by, e.g., Ochotona spp. On the other side, within the
most negative CV2 scores, signifying that the trigonid is larger and the talonid smaller, are
located the recent Leporidae. All the extinct Lagomorpha represent a shape of the p4
intermediate between the recent Ochotonidae and Leporidae.

6.5.7. Canonical Variate Analysis for the m1
The CVA for the m1 includes the same Lagomorpha as for the p4, but excluding
‘Amphilagus’ magnus and including Lagopsis verus and Lepus nigricollis. The
Mahalanobis distances between the groups and the Procrustes distances between the groups
are statistically significant for all species (see Supplementary Information), excluding the
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Procrustes distance between Ochotona dauurica and Ochotona curzoniae (P = 0.3046),
which is not significant.
Only 52% of the total shape variation is shown by the Canonical Variate 1 and 2
(Figure 139). The CV1 explains 36.44% of the total shape variability of the m2. The
positive values are occupied by the recent Leporidae, Hypolagus beremendensis, Titanomys
visenoviensis, Paleolagus haydeni, Sinolagomys major, and Desmatolagus gobiensis. On
the other hand, the negative values are occupied by Ochotona spp., Lagopsis verus, and
Prolagus spp. The shape changes explained by the CV1 axis are connected to the buccolingual extension of the trigonid and bucco-lingual reduction of the talonid size. Thus, the
recent Leporidae show that this enlargement of the trigonid and narrowing of the talonid of
their m1 is consistent with most of the extinct lagomorphs analyzed herein. On the other
hand, Ochotona spp. and two extinct genera represent a tendency for narrowing of the
trigonid and widening of the talonid.
The CV2 explains 16.37% of the m2 shape variability. Interestingly, in contrast to
the CV1, the most positive values are occupied by Ochotona spp. and most of the extinct
lagomorphs analyzed here. The morphospaces of the latter overlap partly, Sinolagomys
major have the most positive values, more than Palaeolagus haydeni, and the least positive
is Titanomys visenoviensis, which strongly overlaps with Hypolagus beremendensis.
Desmatolagus gobiensis has similar positive CV2 scores as the species mentioned above,
but its morphospace does not overlap with them as much, because the CV1 scores are much
more positive. The recent Leporidae, Lagopsis verus, and Prolagus spp., have negative
CV2 values. The shape changes expressed by the CV2 are mainly connected to the
slendering of the trigonid and elongation and narrowing of the talonid. The Ochotonidae,
similar to most of the extinct lagomorphs, have mesio-distally compressed trigonid of the
m1. On the other hand, in the recent Leporidae, Prolagus spp., and Lagopsis verus the
trigonid of the m1 is much longer mesio-distally.

6.5.8. Canonical Variate Analysis for the m2
The CVA for the m2 includes the same species of lagomorphs as for the m1,
excluding Prolagus spp. The Mahalanobis distances between the groups and the Procrustes
distances between the groups are statistically significant for all the species (see
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Supplementary Information), excluding the Procrustes distance between Ochotona
dauurica and Ochotona curzoniae (P = 0.5959), which is not significant.
The two first Canonical Variates explain 66.7% of the total shape variation of the
m2 (Figure 139). The CV1 explains 48.29% of the total shape variability of the m2. The
most positive CV1 scores are occupied by Ochotona spp. However, the morphospace of
Ochotona alpina shows less positive CV1 scores than the other species of Ochotona. Even
less positive values of the CV1 are shown by Lagopsis verus and Sinolagomys major. All
the other lagomorphs have negative CV1 scores: the recent Leporidae, Palaeolagus
haydeni,

Hypolagus

beremendensis,

Desmatolagus

gobiensis,

and

Titanomys

visenoviensis. The shape changes expressed by the CV1 are connected to the slendering of
the trigonid and shortening and widening of the talonid.
18.44% of the total shape variability of the m2 is explained by the CV2. The positive
values are occupied by most of the recent Leporidae and Lagopsis verus. However, around
the 0 value (from 2.5 to -5) Lepus nigricollis, Lepus brachyurus, Ochotonidae spp.,
Hypolagus beremendensis, and Paleolagus haydeni are located. The most negative CV1
scores are seen for Desmatolagus gobiensis, Titanomys visenoviensis (the morphospaces of
which overlap), and Sinolagomys major. The shape changes along the CV2 axis are mainly
connected to the widening and shortening of the talonid. The graph shows that the
Oligocene-early Miocene taxa (excluding Palaeolagus haydeni) have more rounded talonid
of the m2. Two species of Lepus (Lepus nigricollis, Lepus brachyurus) share the shape
features expressed by the CV2 more with Hypolagus brachygnathus, Paleolagus haydeni,
and Ochotona spp. than with the other Lepus species. Moreover, the morphospaces of all
the listed above taxa, excluding Ochotona spp., overlap, indicating that the shape of the m2
is very similar for those species. An overlap of the morphospaces can be also noticed for
Desmatolagus gobiensis and Titanomys visenoviensis.
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Figure 139. The Canonical Variate Analysis of the lower cheek teeth. Shape changes are expressed as the outline of the averaged shape of all analysed teeth: the blue areas indicate expansion of
the surface and red show the reduction of the surface of the tooth
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7. Morphological phylogeny of Duplicidentata and their
taxonomy
7.1. Phylogenetic history of Duplicidentata
The traditional search option in TNT revealed one most parsimonious tree (Figure
140). The best score is 700, the Consistency Index (CI) is 0.407, and the Retention Index
(RI) is 0.754. The bootstrap supports are low for most of the branches, 13 nodes (60, 62,
63, 64, 79, 80, 96, 98, 100, 101, 102, 103 and 104) have a support value higher than 50%
and nine nodes (60, 63, 64, 96, 98, 100, 101, 103, 104) have the support higher than 70%.
The outgroup taxon is Eurymylus laticeps, not Mimotona wana as in FostowiczFrelik and Meng (2013; see method section). Gomphos elkema is recovered as a stem
Duplicidentata, without any synapomorphies shared with Lagomorpha (node 64), the
bootstrap value shows a high support: 100%. Dawsonolagus antiquus is resolved as a stem
Lagomorpha. Lagomorpha sensu lato (i.e., including the stem, node 63) is characterized by
six synapomorphies: a dental formula of I2/1, C0/0, P3/2, M3/3; one buccal rootlet on the
P3 and the P4; upper molars lacking hypostria; and a shallow zygomatic fossa. The
bootstrap value for this node is also high: 94%.
Node 62 is characterized by a reduction of P2 width up to 50% of the P3 width, one
buccal root on the M3, and reduction of the m3 area. It has a bootstrap value of 67%.
Shamolagus medius + (Gobiolagus aliwusuensis + Gobiolagus tolmachovi) form a clade
(node 78) characterized by the lingual dental bridges which appear early, and a trigonid
wider than the talonid in p4–m2. Gobiolagus spp. form a monophyletic group (node 79),
the support of which is 67% and is characterized by: a pear-shaped p4, one root and one
pulp chamber on the m1 and m2, the upper dental row strongly bending, and the presence
of the anterior edge of the masseteric fossa at the m2/m3 level. Sister to Shamolagus medius
+ Gobiolagus spp. is node 61, characterized by an elongated and tear-shaped incisive
foramen, and a small, plate-like coronoid process. The clade defined by node 77 and
containing Aktashmys montealbus Averianov 1994 and Strenulagus solaris has two
synapomorphies: the m3 similar in size to the m2, and the presence of lingual dental bridges
in p4–m2 which appear late. The clade of Aktashmys montealbus + Strenulagus solaris is
sister to the strongly supported (bootstrap value = 99%) node 60 and is characterized by: a
semimolarized P4; nascent hypostria and a wide central lobe of the P3; a shallow hypostria

Dental evolution in duplicidentate Glires (Mammalia)

Figure 140. Time-calibrated phylogeny of Duplicidentata. Red stars indicate important synapomorphies. The tree reveals
that the extinct lagomorphs traditionally grouped together into ‘Palaeolaginae’ or ‘Palaeolagidae’ are in fact not closely
related and show closer affinities to either the Leporidae, Ochotonidae, or neither of them. Abbreviations: Pleist. –
Pleistocene, Pia. – Piacenzian, H – Holocene.

of the P4 not forming lakes, but the hypostria of the M1 and M2 closing during wear
forming lakes; lack of a postcingulum, absence of the mesoflexid in the p3; a robust trigonid
on the p4; and a small and quickly vanishing hypoconulid on the m3. This node consists of
Procaprolagus vetustus, sister to the node 59, characterized by an open lingual lobe. The
latter includes ‘Procaprolagus’ schizopetrus and the node 58, and it is characterized by the
presence of lingual dental bridges, which appear in strongly worn teeth. Basally positioned
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in this node is the monophyletic group (node 80, bootstrap value = 64%) with
Desmatolagus gobiensis and Desmatolagus robustus, sharing a strongly reduced and
mesio-distally compressed P2, and the palatine suture at the level of the P4. The clade sister
to them (node 57) is characterized by a bilobate p3 with a trapezoid trigonid, intermediate
depth of the hypoflexid of the p3, and the p3 mesoflexid closing during wear. The
phylogenetic analysis recovers Mytonolagus ashcrafti as the sister taxon to all crown
Lagomorpha. The synapomorphies for crown Lagomorpha (node 56) are: shallow hypostria
of the P3, the shape of the p3 changing during wear because of the appearance of an
additional connection between the trigonid and talonid, trigonid of the p4–m2 wider than
the talonid, and the posterior margin of the incisive foramen placed posterior to the P2
alveolus.
The crown is divided into two clades. Clade A (node 82) includes Leporidae and
their closest related taxa (i.e., stem Leporidae). The synapomorphies for clade A (stem +
crown Leporidae) are: semimolarized P3 and P4 with the lingual lobe closing during wear,
hypostrial lakes present in the upper molars and premolars, one or two asymmetrical roots
on the M2, p3 similar in size to the p4, hypoconulids vanishing quickly during wear,
trigonid similar in length to the talonid, and a squared anteroventral orbital rim. The stem
of clade A consists mainly of North American lagomorphs: Palaeolagus spp., Megalagus
spp., Chadrolagus emryi, and Litolagus molidens; as well as Asian Ordolagus teilhardi,
which is the sister taxon to crown Leporidae. The most basal of stem leporids is Megalagus
turgidus. Sister to it, node 81 is characterized by heart-shaped cross section of the upper
incisor, P2 changing from trilobate to bilobate during wear, hypostria of the P3 forming
lakes, variable mesoflexus and vanishing central lobe of the P3 during wear, shallow
hypostria in the upper cheek teeth, M3 reduced in size, and the trigonid of p4–m2 oval in
occlusal view. It includes Palaeolagus haydeni and the taxa included in the node 83,
characterized by rootless P3 and P4, m3 lacking a hypoconulid, and posterior margin of the
incisive foramen placed at the level of the P2. ‘Palaeolagus’ hemirhizis is at the base of
this clade. Node 85 presents six synapomorphies: a bilobate P2 without buccal lobe,
crescents and hypostria disappearing during wear, M2 lacking roots, presence of the lingual
dental bridges on p4–m2, and the anterior edge of the masseteric fossa positioned at the
level of the m3. Chadrolagus emryi is basal in this clade and sister to node 84, which is
characterized by: fully molarized P3 and P4, mesial choana margin positioned at the level
of the M1, hard palate moderate in length, and shortened palatine portion of the palate. It
contains the basal ‘Palaeolagus’ burkei and node 88, which has three synapomorphies:
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hypostria only on the upper cheek teeth, lacking the crescents or hypostrial lakes, shallow
hypostria not forming the lakes in the M1 and M2, and p3 not changing during wear.
‘Palaeolagus’ philoi is basal within this clade, sister to node 87, which is characterized by
persistent hypostria on P3–M2 and a stable p3 shape during wear. Crownward, Litolagus
molidens is the sister taxon to node 86, which has six synapomorphies: the P2 compressed
mesio-distally, the crescent and hypostria of the P3 do not disappear during wear, hypostria
of the upper cheek teeth open without the lakes, robust trigonid in occlusal view, masseteric
spine with the anterior margin placed at the level of the P3/P4, and with a pair of palatine
foramina at the maxillo-palatal suture. ‘Palaeolagus’ hypsodus is basal in this clade.
Ordolagus teilhardi is the sister taxon to crown Leporidae, sharing with them two
synapomorphies: a simplified m3 and the posterior margin of the zygomatic process of the
maxilla at the level of the M1 or M2.
The crown Leporidae (node 96, bootstrap value = 71%) have seven
synapomorphies: the presence of only the mesoflexus on the P2; trigonid larger than the
talonid of the p3; anteroconid of the p3 rounded and poorly isolated; the anteroconid
connected with the trigonid mesially; palatine suture positioned at the level of the P4;
absence of the posterior mental foramen; and reduced masseteric tubercle of the mandible.
The crown Leporidae can be further defined by the presence of fully molarized P3–M2 and
p4–m2 without the hypoconulids at any stage of wear. The crown Leporidae are represented
in the analysis by Alilepus hibbardi, three representatives of the ‘Archaeolaginae’
(Archaeolagus ennisianus, Hypolagus vetus, and Hypolagus beremendensis) and three
extant Leporidae (Romerolagus diazi, Lepus europaeus, Oryctolagus cuniculus).
‘Archaeolaginae’ appear as a paraphyletic group leading to modern leporids. Alilepus
hibbardi, here is placed as a basal Leporidae. Node 97 is characterized by the lack of the
crescent in the P3, a semilunar masseteric spine, and a U-shaped distal margin of the palate.
The clade including Hypolagus spp., and extant Leporidae (node 99) is characterized by a
very deep hypostria and a trapezoid trigonid on the p3 with flexids. Hypolagus spp. forms
a monophyletic group (node 98, bootstrap value = 81%) sharing two synapomorphies: the
maxilla-premaxilla contact forming a sharp wedge and a short hard palate. Sister to them
are the extant Leporidae (node 101) well supported by the bootstrap value of 88% and
characterized by eight synapomorphies: the presence of a hypoflexus and mesoflexus on
the P2, a deep hypoflexid separating the trigonid and talonid of the p3, an intermediate deep
hypoflexid on the p3, the presence of the supraorbital notch, the incisive foramen reaching
the P2 alveolus, a straight upper dental row, the palatine suture positioned at the level of
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the P3, and a blade-like coronoid process. Romerolagus diazi is sister to the clade that
includes Lepus europaeus and Oryctolagus cuniculus (node 100 bootstrap value = 75%).
The last two share the clearly isolated anteroconid of the p3 divided by anteroflexid into
lingual and labial anteroconid, a laterally positioned sphenopalatine, and an absence of the
dorsal condyloid foramen.
Clade B (node 55) containing the Ochotonidae and their closest relatives (i.e., stem
Ochotonidae) is characterized by the M1–M2 with hypostria forming lakes; a welldeveloped and persistent crescent on the M1–M2; persistent hypostria on the P3–M2;
absence of the M3; m3 reduced to a single conid; m2 as the biggest tooth in the lower tooth
row; lack of lingual dental bridges in p4–m2; presence of the premolar foramen at the level
of the P2 or P3; the posterior mental foramen at the level of the m1 or m2; absence of the
masseteric tubercle of the mandible; and presence of the coronoid canal. The stem taxa for
clade B are the species considered as ‘Amphilaginae’ (Gureev 1953). Hesperolagomys
galbreathi Clark et al. 1964 is the most basal species of clade B. The synapomorphies of
node 54, the sister clade to Hesperolagomys galbreathi, are: trigonid slightly smaller than
the talonid, and hypoconulid disappearing first in the m1. Basal in this clade is
‘Shamolagus’ franconicus, the oldest known lagomorph from Europe. It is sister to the
clade stemming from node 67, characterized by two synapomorphies: the lack of a
mesoflexid and the presence of a hypoconulid which closes lingually during wear. Next,
the clade (node 68) including the European ‘Amphilagus’ ulmensis, and the Asian
‘Amphilagus’ orientalis and ‘Amphilagus’ magnus has no synapomorphies. The Asian
‘Amphilagus’ spp. form a clade characterized by a p3 with a shallow hypoflexid. Node 66,
sister to the ‘Amphilagus’ spp. group, includes taxa with following synapomorphies: the
lingual lobe of P2 similar in size to the central lobe, end of the lower incisor placed at the
p3/p4 level, and anterior edge of the masseteric fossa placed at the m3 level. Amphilagus
antiquus is in monophyly with Amphilagus wuttkei, and their synapomorphy is a deep
hypoflexid on the p3. Node 70 contains the lagomorphs with following synapomorphies: a
stable deepness of the hypostria of the P3–M2 during wear; open hypostria on P3–M2, not
closing into the lakes; M2 with one or two asymmetrical roots, and trigonid of similar
length to the talonid. Basal in this clade is Eurolagus fontannesi and sister to it is node 71,
which is characterized by six character states: a dental formula of I2/2, C0/0, P3/2, M2/2;
M1 with two delicate roots; mesoflexid of the p3 closing during wear; rootless p4 and m1;
and a poorly defined based of the coronoid process. Titanomys visenoviensis is basal for
this clade and sister to node 72, which is characterized by a combination of features: the
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width of P2 up to 70% of that of P3; trilobate, triangular p3 similar in size to the p4; trigonid
of the p3 larger than the talonid and connected by a narrow persistent bridge; anteroconid
of the p3 separated from the trigonid by a short protolophid; and upper dental row straight
in ventral view. The basal taxon for this clade is Piezodus branssatensis. Sister to it, node
73 has five synapomorphies: a slender central lobe of the P3, rootless M1 and M2, stable
shape of the p3, not changing during wear. The basal species here, ‘Piezodus’
tomerdingensis, is the sister taxon to crown Ochotonidae.
The clade of crown Ochotonidae is characterized by thirteen synapomorphies (node
74): unmolarized P2–P3 and molarized P4 with the crescent vanishing during wear, lingual
lobe of the P3 long throughout the wear stages, P4 with the hypostria deep around the
middle of the tooth width, deep and persistently open hypostria of the M1 and M2, p4–m2
similar in size, oval trigonid of the p4, talonid of the p4 lacking the hypoconulid, trilobate
m2, width of the trigonid and talonid similar but trigonid longer than talonid for the p4–
m2, and tubercular masseteric spine positioned above the tooth row. ‘Prolagus’
schnaitheimensis is recovered as the most basal representative of crown Ochotonidae,
outside of the monophyletic Prolaginae. Node 76 is characterized by two features: only
upper molars with hypostria, and unmolarized P2–P3 and molarized P4. The Prolaginae
(node 76), including here Prolagus sardus and Prolagus oeningensis, are characterized by
the complex, branching p3 with deep flexids, and narrow nasals with parallel sides. Sister
to them, node 94 is characterized by fourteen synapomorphies: a dental formula of I2/2,
C0/0, P3/2, M2/3; P2 reduced in size; shallow mesoflexus and wide central lobe of the P3;
molarized P4 with deep hypostria and lacking the crescent; p3 with poorly isolated
anteroconid lacking the anteroflexid; mesoflexid deeper than the hypoflexid; bilobate m2;
presence of m3; broad posterior squamosal; and pair of foramina at the maxillo-palatine
suture. This node includes two groups, one of them composed of Lagopsis spp., (node 102,
bootstrap value = 55%) characterized by a combination of two features: the low masseteric
spine at the level of the tooth row and the lack of the anterior mental foramen in the
mandible. The other group (node 93) is characterized by the position of the palatine suture
between the P4 and M1, a short bony tube for the external acoustic meatus, and the distal
end of the lower incisor at the level of the m1 or p4. Alloptox gobiensis is sister to the
monophyletic group composed of the Ochotoninae and Sinolagomyinae. This
monophyletic group (node 92) has three synapomorphies: the reduced or absent buccal lobe
of the P2, the absence of a protolophid, and the lack of the mesoflexid in the p3. The
Ochotoninae (node 104, bootstrap value = 71%) is characterized by a bilobate P2, M2 with
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a third lobe, and the lack of the anterior mental foramen on the mandible. The
synapomorphies for the monophyletic (node 103, bootstrap value = 73%) Ochotona
princeps and Ochotona dauurica are: the presence of the hypoflexus on the P2 and the
presence of the posterior mental foramen behind the tooth row of the mandible. The
Sinolagomyinae (node 91) is characterized by eleven features: P2 strongly reduced in size
and not compressed mesio-distally with a minute lingual lobe, a long lingual lobe of the P3
(up to 50% of the tooth width), p3 with trapezoid trigonid similar in size to the talonid and
lacking the anteroconid. The basal Bellatona yanghuensis is the sister taxon to the clade
stemming from node 90, which is characterized by a robust trigonid on the p4 and the low
masseteric spine reaching the tooth row. It includes Austrolagomys inexpectatus, which is
basal relative to the clade of Sinolagomys kansuensis + Oreolagus wilsoni Dawson 1965
(node 89). The last node is characterized by: P4 with the hypostria deep around the middle
of the tooth width and a trigonid of similar length to the talonid in p4–m2.

7.2. The classification of duplicidentates
The topology of the tree is different in comparison to the results of Fostowicz-Frelik
and Meng (2013), who used a smaller matrix (80 characters and 22 taxa) which became the
basis for the matrix provided herein. Their analysis resulted in 172 equally parsimonious
trees, the best score of 284, CI = 0.57, and RI = 0.73. Thus, the homoplasy has a bit stronger
impact on the tree presented herein, probably because of the larger number of included taxa
in comparison to Fostowicz-Frelik and Meng (2013). However, the recovery of the single
parsimonious tree here implies that the addition of taxa and characters allowed to formulate
a more unambiguous evolutionary scenario, even despite the high homoplasy. The topology
of the stem taxa (Gomphos elkema and Dawsonolagus antiquus) is compatible with the
previous studies (Meng 2004; Asher et al. 2005; Fostowicz-Frelik and Meng 2013). The
phylogenetic analysis revealed that some species traditionally included in the genera
Shamolagus, Amphilagus, Prolagus, and Palaeolagus do not form monophyletic clades
with the respective type species. The paraphyly of Palaeolagus was suggested before
(Fostowicz-Frelik 2013). ‘Shamolagus’ franconicus, ‘Prolagus’ schnaitheimensis, and
three of the ‘Amphilagus’ species were added to the phylogenetic analysis for the first time.
Because the species are clearly separate from their type species, a revision of those taxa
should be performed, and probably new generic names should be established. Herein, the
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phylogenetic tree still lacks other Prolagus spp., other Palaeolagus spp., and the
‘Desmatolagus’ species from the Aral region to provide a complete statement about their
taxonomic position. For ‘Shamolagus’ franconicus, the type material was reviewed, and its
distinction from proper Shamolagus and other Oligocene European lagomorphs is fully
described below. Because establishment of new taxonomic names in an unpublished
dissertation would likely result in complications for the future taxonomic studies (e.g., due
to potential low availability of copies of this work, even though the current version of the
Article 8 of the ICZN does not disapprove such cases), I refrain from their erection here.
The results are planned to be published in the future with newly established generic names.
However, the validity of the traditionally accepted families and subfamilies needs to be
discussed.

7.2.1. The subfamily ‘Palaeolaginae’ Dice, 1929 and the family
‘Palaeolagidae’ Dice, 1929
Dice (1929) classified the subfamily ‘Palaeolaginae’ within the Leporidae and
characterized its members as possessing shallow hypoflexid of the p3 and comparably deep
mesoflexid, forming a hour-glass shaped p3. He established Palaeolagus as the type genus
and included the genera Pentalagus Lyon, 1904, Pronolagus Lyon, 1904, Romerolagus,
and Alilepus (Allolagus sensu Dice 1929, later renamed as Alilepus Dice, 1931). Later, the
definition of the subfamily ‘Palaeolaginae’ was changed and so did the list of included taxa.
For example, Walker (1931) proposed to include only Palaeolagus species. According to
Dawson (1958), this subfamily of the family Leporidae can be characterized by: less
molariform P3 and P4 in comparison to the M1 and M2; the presence of crescents and
shallow hypostria forming hypostrial lakes, and the p3 with hypoflexid, sometimes with
mesoflexid. She included in her ‘Palaeolaginae’ all extinct lagomorphs ancestral to the
Archaeolaginae and Leporidae: Shamolagus, Gobiolagus, Desmatolagus, Mytonolagus,
Megalagus, Litolagus, and Palaeolagus. This classification in which the ‘Palaeolaginae’
was a subfamily of Leporidae was later used (de Muizon 1977; Korth 1988; Dawson 2008).
However, usually those species are placed outside of the Leporidae, within a separate
family ‘Palaeolagidae’ (Gureev 1960; Erbajeva 1988; Fostowicz-Frelik et al. 2012b;
Fostowicz-Frelik 2013; Erbajeva and Daxner-Höck 2014). Other European Oligocene-
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Miocene species were also subsequently added to the family ‘Palaeolagidae’ (Erbajeva
1988; Erbajeva et al. 2016).
Walker (1931) proposed a different diagnosis for ‘Palaeolaginae’ including all
Paleolagus species. The diagnosis was focused on the presence of shallow hypostria and
hypostrial lake, and the anteroloph slightly smaller than the posteroloph. ‘Megalaginae’
Walker, 1931 were characterized as possessing only the hypostria, without the hypostrial
lakes in the structure of the P3, and the anteroloph bigger than the posteroloph. (Walker
1931) included there only Megalagus spp., but Gureev (Gureev 1964) also included
Litolagus spp. Those diagnoses appeared to be too general in the light of new findings.
Subsequently, Palaeolagus spp., Megalagus spp., Litolagus spp., and Chadrolagus emryi
were placed in the subfamily ‘Palaeolaginae’.
The results provided herein show that the taxa historically considered as
‘palaeolagids’ or ‘palaeolagins’ had a complex evolutionary history and relationships, and
some of the species can be considered as closely related either to Ochotonidae, Leporidae,
or neither of them. Although, the wastebasket taxa ‘Palaeolaginae’ or ‘Palaeolagidae’ were
commonly used in the literature (Dawson 1958, 2008; Gureev 1960; de Muizon 1977;
Korth 1988; Erbajeva 1988; Erbajeva et al. 2011, 2016; Fostowicz-Frelik et al. 2012b;
Fostowicz-Frelik 2013; Erbajeva and Daxner-Höck 2014), several other families or
subfamilies of Lagomorpha have been proposed as well, and will be described shortly in
comparison to the results of the phylogenetic tree presented herein.
The topology of the stem Leporidae recovered here is in general consistent with the
phylogenetic tree provided for the North American stem lagomorphs in Fostowicz-Frelik
(2013) and also suggested by Dawson (1958), in which Megalagus spp. is basal to all
Palaeolagus spp., Chadrolagus emryi, and Litolagus molidens. Fostowicz-Frelik (2013)
suggested that Litolagus molidens should be removed from the ‘Palaeolaginae’, because of
its close affinities to the Leporidae. The matrix provided there lacks ‘Paleolagus’ hypsodus
and Ordolagus teilhardi. These species were added to the analysis provided herein and
show a closer affinity to the Leporidae than Litolagus molidens. Similar to the results shown
in Fostowicz-Frelik (2013), the phylogenetic tree presented here shows a paraphyly of the
Paleolagus species. The results presented here are also not consistent with the proposed
earlier Palaeolagus groups (in Dawson (1958); later expanded by Dawson (2008)).
Palaeolagus temnodon is not included in the analysis, so its relation with Palaeolagus
haydeni is unknown here. However, Palaeolagus haydeni is nested in the basal part of the
stem, as suggested by Dawson (1958) who argued that that the temnodon group represents
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the most primitive taxa. ‘Palaeolagus’ burkei and ‘Palaeolagus’ hypsodus, which should
create the burkei group (Dawson 1958), are separated by Litolagus molidens and
‘Palaeolagus’ philoi (which represent the intermedius group of Dawson (1958)). It appears
that from all the Palaeolagus species, ‘Palaeolagus’ hypsodus is the closest to the
Leporidae. Thus, the only true representatives of Palaeolagus are: Palaeolagus haydeni,
which is the type species for Palaeolagus, and Palaeolagus temnodon if the monophyly of
this group is true as presented in Fostowicz-Frelik (2013). It appears that the genus
Palaeolagus needs a wider revision because, as it was suggested already by Dawson (1958)
and supported by the phylogenetical analyses herein and in Fostowicz-Frelik (2013),
‘Palaeolagus’ is not a monophyletic taxon.

7.2.2. The family ‘Strenulagidae’ Averianov and Lopatin, 2005
Averianov and Lopatin (2005) proposed a group ‘Strenulagidae’ including the
genera Gobiolagus, Shamolagus, Strenulagus, Lushilagus Li, 1965, and Aktashmys. This
family was proposed as ancestral to ‘Palaeolagidae’, ‘Desmatolagidae’ Burke, 1941,
‘Prolagidae’, Ochotonidae, and Leporidae. Averianov and Lopatin (2005) proposed 19
features characterizing the ‘Strenulagidae’: (1) anterior margin of the masseteric spine at
the level of the P3/P4; (2) dental formula: I2/1 C0/0 P3/2 M3/3; (3) cheek teeth with roots;
(4) brachyodonty or unilateral hypsodonty; (5) no cement (6) P3 and P4 nonmolariform;
(7) no hypostria; (8) M1 the largest in the upper tooth row; (9) M1–M3 lacking crescent;
(10) presence of postcingulum; (11) M1–M2 with shallow hypostria; (12) small angular
process of the dentary; (13) masseteric fossa deep with large tubercle; (14) lower incisor
reaching the M1–M2; (15) trigonid smaller than the talonid of the p3; (16) flexids of the p3
shallow; (17) ‘anterointernal’ flexid disappearing during wear; (18) m2 the largest in the
lower tooth row; (19) m3 similar in size to the p3 or p4. As noted by Li et al. (2007), those
are all characters plesiomorphic for Duplicidentata, therefore those taxa rather form a grade
sharing primitive characters. This point of view was later supported by other authors
(Fostowicz-Frelik et al. 2012b, 2015b). Recently, the phylogenetic analysis focused on the
Eocene Lagomorpha reveal that ‘Strenulagidae’ is a grade (Lopatin and Averianov 2020).
This is also confirmed in the analysis presented herein, however with different topology
and without polytomy.
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All of the features (except the absence of the cement) proposed by Averianov and
Lopatin (2005) are present in the matrix provided herein. The tree does not support the
validity of ‘Strenulagidae’, because Strenulagus spp. and Aktashmys montealbus form a
clade separate to Gobiolagus spp. + Shamolagus medius, crownward to them. Thus, it
seems that in the Eocene lived at least two separate lineages of lagomorphs. Gobiolagus
spp. + Shamolagus medius in previous analyses were recovered separately (McKenna 1982;
Fostowicz-Frelik and Meng 2013). Most of the features listed by Averianov and Lopatin
(2005) were not recovered as synapomorphies for the Gobiolagus spp. + Shamolagus
medius or Strenulagus spp. + Aktashmys montealbus clades. Important in distinguishing of
those two clades is the appearance of the lingual dental bridges early or late during wear.
However, many synapomorphies are recovered for the taxa crownward to Strenulagus spp.
and Aktashmys montealbus clade, indicating that the suggestion of Li et al. (2007) that
‘Strenulagidae’ is a grade was right.

7.2.3. The families ‘Mytonolaginae’ Burke, 1941 and ‘Desmatolaginae’
Burke, 1941
Burke (1941) considered ‘Mytonolaginae’ as a subfamily of Leporidae,
characterized by: the dental formula: I2/1 C0/0 P3/2 M3/3; cheek teeth with roots and
without cement; P2 bigger than the M3; m3 similar in size to the p3 or p4; M1 being the
largest upper tooth; m2 being the largest lower tooth; p3 trilobate with additional flexids.
The features proposed for ‘Strenulagidae’ (Averianov and Lopatin 2005) are the same, with
a few additional features. Indeed, Burke (1941) referred to the ‘Mytonolaginae’ (similar as
Averianov and Lopatin (2005) to their ‘Strenulagidae’): Shamolagus spp. and Gobiolagus
spp. (other ‘Strenulaginae’ were not known in that time), but also Mytonolagus spp. and
Ordolagus teilhardi (Gobiolagus teilhardi sensu Burke, 1941). The phylogenetic analysis
provided herein shows that Mytonolagus spp. and Ordolagus teilhardi are closer to the
crown than Shamolagus spp. or Gobiolagus spp., indicating that ‘Mytonolaginae’ is
paraphyletic. Mytonolagus spp. was proposed as a member of Leporidae (Dawson 1958;
Fostowicz-Frelik and Tabrum 2009). However, its position on the stem is commonly
accepted in the literature (McKenna 1982; Meng 2004; Fostowicz-Frelik and Meng 2013)
and supported by the phylogenetic analysis presented herein.
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The subfamily ‘Desmatolaginae’ was proposed in the same work as the one
introducing ‘Mytonolaginae’, but as more derived than Shamolagus spp., but less than
Megalagus spp., with strongly reduced terminal upper and lower cheek teeth (Burke 1941).
‘Desmatolaginae’ include Procaprolagus vetustus and numerous Desmatolagus spp. The
subfamily ‘Desmatolaginae’ is still used in the literature, although it currently only contains
the type genus (Lopatin 1998; Erbajeva and Daxner-Höck 2014). However, more often
Desmatolagus spp. are classified as members of Ochotonidae (Sych 1975; Huang 1987;
Martin 1993b). The position of Desmatolagus spp. as a stem lagomorph is also proposed
in the literature (McKenna 1982; Meng 2004; Fostowicz-Frelik and Meng 2013). The
phylogenetic tree provided herein supports the latter hypothesis. The analysis includes only
Procaprolagus vetustus, ‘Procaprolagus’ schizopetrus, Desmatolagus robustus, and
Desmatolagus gobiensis, placing them outside the crown Lagomorpha. However, the genus
Desmatolagus includes numerous species which may in fact represent wear stages of a
single species or different genera. A wider study of Desmatolagus spp. from Mongolia,
China, and the Aral region is necessary in order to find out if ‘Desmatolaginae’ is a valid
subfamily of the stem Lagomorpha.
To sum up, Mytonolagus spp., Desmatolagus spp. and Procaprolagus spp. represent
genera which are not Leporidae nor Ochotonidae, but rather stem Lagomorpha, the closest
to the crown: clades A and B.

7.2.4. The clade A: Leporidae Fischer von Waldheim, 1817 and their
closest relatives
The clade A is characterized by the plesiomorphic number of teeth (28), but the M3
and m3 are smaller than the preceding tooth, the p3 is similar in size or larger than the p4
and the P3 is semimolarized or fully molarized. It contains the representatives of Leporidae
and their closest relatives. Those species were mostly classified as ‘Palaeolagidae’, but
Walker (1931) proposed the subfamilies ‘Megalaginae’ and ‘Palaeolaginae’ inside the
family Leporidae.
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7.2.5. The family Leporidae Fischer von Waldheim, 1817
The main dental features distinguishing Leporidae from Ochotonidae are the dental
formula: I2/1 C0/0 P3/2 M3/3, P2 similar in size to P3, presence of molariform P3 and P4,
trigonid higher than the talonid, presence of the lingual bridges, two conids of the m3,
reduced in size M3 and m3, upper incisors with a shallow groove, and enamel of the upper
and lower incisors composed of HSB (Dawson 1958, 2008; McKenna 1982). Herein,
Leporidae are considered as the crown of the clade A, while the stem contains species with
mixed features of Leporidae, Ochotonidae, and the stem Lagomorpha. Thus, Leporidae are
characterized by three synapomorphies connected to the teeth structure: the presence of
mesoflexus of the P2, trigonid larger than the talonid, presence of poorly isolated
anteroconid of the p3. Due to the mosaic features of the stem lagomorphs of the clade A
and still unresolved relationships between, e.g., Palaeolagus spp., the restriction of the
Leporidae to the closest relatives of the recent Leporidae sharing derived features seems to
be the most proper.
Alilepus hibbardi White, 1991 is commonly considered basal to the crown
Leporidae (White 1991; Čermák et al. 2015) or as the sister taxon to Hypolagus vetus
(Fostowicz-Frelik and Meng 2013). The phylogenetic position of Alilepus hibbardi herein
is recovered as the most basal Leporidae. Archaeolagus ennisianus is basal to Hypolagus
spp. and the recent Leporidae, as in other works (McKenna 1982; Fostowicz-Frelik and
Meng 2013).
‘Archeolaginae’ Dice 1929 was originally characterized by the hypoflexid of the
p3 deep as the half of the tooth wideness. Then, the features were expanded by (Dawson
1958, 2008; White 1987): the presence of the hypoflexus in the P2; hypostria of the P3–
M2 without crenulations; P3–P4 less molariform than molars, two folds of the p3. The
subfamily ‘Archaeolaginae’ contains the genera Hypolagus, Archaeolagus Dice, 1917,
Panolax sanctaefiedi (Cope, 1874), Lepoides lepoides White, 1987, Pewelagus White,
1984, Notolagus Hibbard, 1939, and Paranotolagus Hibbard, 1939. The number of taxa
included here for the stem Leporidae is too small to resolve the position of Alilepus hibbardi
and the relationship between ‘Archaeolaginae’ and Leporidae. The topology of the recent
Leporidae is consistent with molecular analyses (Robinson and Matthee 2005).
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7.2.6. The clade B: Ochotonidae Thomas, 1897 and their closest
relatives
The clade B is characterized by the number of teeth smaller than 28 (26 or 24),
unmolarized P3, and the absence of the lingual dental bridges. It includes Ochotonidae and
their closest relatives. Because most of the species being the stem of the clade B represent
historical taxa ‘Amphilaginae’, which were used in systematics (Gureev 1953, 1964;
Erbajeva 1988; Erbajeva and Daxner-Höck 2014) or as a term for an ecomorphological
group (Fostowicz-Frelik et al. 2012a), the description is provided in a separate paragraph
below.

7.2.7. The subfamily ‘Amphilaginae’ Gureev, 1953
According to Gureev (Gureev 1953, 1964), ‘Amphilaginae’, a subfamily of
‘Palaeolagidae’, are characterized by the dental formula: I2/1, C0/0, P3/2, M2/2-3. Later,
Erbajeva (1988) added another character: the M3 can be present as a single column or
absent. The subfamily includes the genera Amphilagus, Eurolagus, Piezodus, and
Titanomys. The diagnosis proposed by Gureev (Gureev 1953, 1964) and Erbajeva (1988)
is too general in light of the fossil material of lagomorphs described since then. Tobien
(1974) suggested that in the juvenile Amphilagus antiquus the alveolus of the M3 is more
conspicuous than in older specimens, thus he proposed that it is being resorbed during wear.
However, in the case of the m3, according to Tobien (1974), eleven mandibles with
diagnostic p3 had only the alveolus of the m3, three had the m3 preserved, and only one
individual did not have any trace of the m3. Amphilagus wuttkei does not have the M3, but
the m3 is present (Mörs and Kalthoff 2010). The presence of the M3 or m3 is uncertain for
‘Amphilagus’ ulmensis (Tobien 1975). Only one jaw of ‘Amphilagus’ magnus (specimen
NHMW_2011/0211/0002) shows the presence of the m3 as a single conid, however, a
single

specimen

of

‘Amphilagus’

orientalis

shows

bilobate

m3

(specimen

NHMW_2011/0211/0023). For both the presence of the M3 is uncertain. The individuals
of Titanomys visenoviensis from Montaigu le Blin (housed in NMB), similarly to
Amphilagus antiquus, show only the alveoli of the M3. Also, only one individual from that
locality has the m3, and ten other specimens with diagnostic p3 do not have either the
alveoli or the m3. Thus, because the absence of the m3 is rare in Amphilagus antiquus, as
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is the presence of that the m3 in Titanomys visenoviensis, it appears that it is rather an
anomality, as recognized in recent Lepus spp., in which M3 was not found in about 2% of
the population (Flux 1980; Suchentrunk et al. 1992). In the sample analysed herein one
Lepus americanus lacking the m3 (unilateral missing) was recognized in the ZMB
collection (ZMB_Mam_81939). Eurolagus fontannesi does not have the M3 but possesses
bilobate m3. Piezodus spp. do not have the M3 and m3. Thus, the presence or absence
(biased by anomaly) and the structure of the M3 and m3 in ‘Amphilaginae’ varies within
and between the species considered to belong to this group, and so it is not taxonomically
diagnostic. Fostowicz-Frelik et al. (2012a) proposed that ‘Amphilaginae’ is an ecomorphological grade having similar feeding specialization without phylogenetic
relationships, and classified them as representatives of ‘Palaeolagidae’. Later, the analysis
of Fostowicz-Frelik and Meng (2013), showed a polytomy of Hesperolagomys galbreathi
and Amphilagus antiquus together with Desmatolagus gobiensis, implying that at least
some of the members of ‘Amphilaginae’ and Hesperolagomys galbreathi represent stem
lagomorphs, not Ochotonidae as considered by some authors before (López Martínez 1974,
1989, 2001; Angelone 2009; Mörs and Kalthoff 2010; Bair 2011).
The phylogenetical analysis provided herein, including all the ‘Amphilaginae’
genera, ‘Shamolagus’ franconicus, and Hesperolagomys galbreathi, does not support the
monophyly of ‘Amphilaginae’. Also, the result is not consistent with the phylogenetic tree
provided by McKenna (1982), in which ‘Shamolagus’ franconicus is considered a stem
lagomorph close to Mytonolagus petersoni, but similar to it, it supports the close
relationship of Titanomys spp. and Piezodus spp. within the Ochotonidae. The results
provided herein show that the taxa previously considered as ‘Amphilaginae’, ‘Shamolagus’
franconicus, and Hesperolagomys galbreathi are representing species closely related to the
Ochotonidae or being related with the stem Lagomorpha but not forming a monophyletic
group. Aside of the phylogenetical analysis, Amphilagus spp., Titanomys spp., and
Piezodus spp. have more derived enamel microstructure of the incisors and cheek teeth than
the representatives of stem Lagomorpha (see enamel microstructure, chapter 5).
The results show that Shamolagus medius does not form a monophyletic taxon with
‘Shamolagus’ franconicus, the latter exhibiting derived features showing its close
relationship with the stem Ochotonidae (e.g., loss of the postcingulum, semimolarized P4,
size reduction of the m3, and lack of the lingual dental bridges). Moreover, ‘Shamolagus’
franconicus was previously named ‘Titanomys’ franconicus Hessig and Schmidt-Kittler
1975. Although, it appears to have more plesiomorphic features than Titanomys spp., (e.g.,
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hypostria of the P3–M2 not forming lakes) and also Amphilagus spp. (e.g., hypoconulids
of the talonid, which do not close forming the hypoconulid lake). ‘Shamolagus’ franconicus
also differs from similar in age Ephemerolagus nievae Vianey-Liaud and Lebrun, 2013 in
having double rooted p3, shallow metaflexid, more straight roots of the m2, and possible
by the presence of the m3 (Vianey-Liaud and Lebrun 2013). Thus, ‘Shamolagus’
franconicus appears to be a new genus, different from Ephemerolagus nievae, Amphilagus
spp. (excepting ‘Amphilagus’ orientalis), Titanomys spp. and Piezodus spp. by possession
of a bilobate m3, similar to Eurolagus fontannesi. However, in contrast to the latter species,
in ‘Shamolagus’ franconicus the P2 changes from trilobate to bilobate during wear and the
m2 has roots. ‘Shamolagus’ franconicus represents the most plesiomorphic features for all
the representatives of the Ochotonidae, sharing few features with the stem Lagomorpha
(e.g., hypoconulids of talonids persistent, not forming lakes) and stem Leporidae (e.g., the
change from trilobate to bilobate P2 during wear).
The basal position of Hesperolagomys galbreathi, despite its much latter
appearance than ‘Shamolagus’ franconicus in the fossil record, can be explained by it being
a late representative of an unpreserved in the fossil record or still undiscovered basal
lineage of the clade B. Because there is at least a 5 Ma gap in the fossil record for the clade
B (based on the earliest appearance of the taxa included in the clades A and B), the sister
taxon to the clade A + clade B grouping is Mytonolagus ashcrafti from North America, and
both Hesperolagomys galbreathi (as the only non-ochotonid representative of the clade B)
and most of the taxa from the clade A (including the basalmost forms) are from North
America (thus suggesting North American origin of both clades), it is possible that
Hesperolagomys represents a younger representative of yet unknown, North American
stem lineage leading to Ochotonidae. Because during the late Eocene/early Oligocene
Europe and North America were connected through Greenland (Liu et al. 2009), migration
of the ochotonid linage to Asia through Europe was possible, the record of which is visible
in the temporal and geographical distribution of the analyzed taxa. Asia was apparently
invaded during the latest Oligocene by at least two lineages of the clade B: ‘Amphilagus’
spp. and derived Ochotonidae.
The species traditionally grouped within the genus Amphilagus form two separate
clades. The first, more basal, is composed of two Mongolian ‘Amphilagus’ species and the
European ‘Amphilagus’ ulmensis. The second clade contains both European Amphilagus
antiquus and Amphilagus wuttkei. The first clade does not has common synapomorphies,
so its validity needs to be checked in the future, however, it appears that the Mongolian
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‘Amphilagus’ species are closer related to ‘Amphilagus’ ulmensis than to the other
European stem Ochotonidae. Because Amphilagus antiquus is the type species of
Amphilagus, and ‘Amphilagus’ ulmensis, together with ‘Amphilagus’ magnus and
‘Amphilagus’ orientalis, form a separate clade, the generic name of the last three should be
reconsidered. The close relationship of Amphilagus antiquus with Amphilagus wuttkei was
already noticed (Mörs and Kalthoff 2010; Fostowicz-Frelik 2016), the phylogenetic tree
provided herein supports this view. Amphilagus wuttkei, in contrast to Amphilagus
antiquus, has the posterior mental foramen placed under the p3 or p4, not under the m1/m2
as the latter.
‘Piezodus’ tomerdingensis does not form a clade with Piezodus branssatensis.
‘Piezodus’ tomerdingensis is closer to the crown, because it shows more advanced features
than Piezodus branssatensis, e.g., rootless teeth, and slender central lobe of the P3.
However, the general outline of the teeth shape in the occlusal view is similar (see
morphometry results, chapter 6). Rootless teeth appeared at least twice in the evolution of
Lagomorpha, in the leporid and ochotonid lineages. Considering that Titanomys calmaensis
Tobien, 1974 has similar occlusal shape of teeth as Titanomys visenoviensis but does not
have roots, it may have an impact on the tree topology. Analysis of this species in the
phylogenetic context is worth considering in the future.

7.2.8. The family Ochotonidae Thomas, 1897
Ochotonidae are differentiated from Leporidae by the number of teeth: I2/1 C0/0
P3/2 M2/3 or I2/1 C0/0 P3/2 M3-2/3-2, P2 smaller than the P3, P3 non-molariform, not
crenulated hypostria, M3 absent, lack of the lingual dental bridge, m3 (if present) with
reduced or absent talonid, upper incisors with a deep groove, and multilayered incisor
enamel (McKenna 1982; Dawson 2008). Herein, the synapomorphies related to the teeth
are: non-molarized P3, long lingual lobe of the P3, deep and open hypostria of the P4–M2,
lack of the hypoconulids, and width of the trigonid and talonid similar, but the trigonid
longer than the talonid. Similar to in the case of Leporidae, because of the mosaic features
of the stem taxa of the clade B and still not fully resolved relationships, it is decided to
narrow down the Ochotonidae to the recent representatives and their closest relatives. Thus
far, many subfamilies have been proposed inside Ochotonidae, and the phylogenetic tree
reveals several clades that match the subfamilies already proposed.
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7.2.9. The subfamily Prolaginae Gureev, 1960 and the family
Prolagidae Gureev, 1960
The subfamily Prolaginae was proposed as one of three subfamilies of Ochotonidae
(with Sinolagomyinae and Lagomyinae) by Gureev (1960). Later, Gureev (Gureev 1964)
created the diagnosis for Prolaginae, as follows: the P4–M2 with deep flexids, p3 wider
than other lower cheek teeth, anteroloph separated from the trigonid of the p3, and m2
trilobate (in his opinion the third lobe of the m2 is associated with the conid of the m3).
Erbajeva (1988) followed this distinction, but elevated the subfamily to the level of the
family, ‘Prolagidae’, including only one subfamily Prolaginae, separate to Ochotonidae.
López Martínez (1974, 1989, 2001) did not agree with this classification, pointing out that
members of ‘Amphilaginae’sensu Gureev (1953) can have similar dental formulas to
Prolaginae or ‘Prolagidae’. Thus, López Martínez (1974, 1989, 2001) stated that Prolagus
spp. are specialized ochotonids.
The phylogenetic tree provided herein contains only three species traditionally
included within the genus Prolagus: ‘Prolagus’ schnaitheimensis, Prolagus oeningensis,
and Prolagus sardus. It is a small part of the over 20 species known so far (López Martínez
1974, 1989, 2001; Angelone 2005; Hordijk 2010). The result shows that Prolagus
oeningensis and Prolagus sardus form a monophyletic group, but ‘Prolagus’
schnaitheimensis is placed outside of it. Three synapomorphies define this clade: (1)
complex, branching p3 with (2) deep flexids, and (3) narrow nasals with parallel sides. The
shape of the p3 of ‘Prolagus’ schnaitheimensis indeed is more similar to Piezodus spp. than
other Prolagus species (excluding Prolagus vasconiensis). Thus, the members of the
subfamily Prolaginae can be diagnosed as having branching p3 and narrow nasals with
parallel sides. ‘Prolagus’ schnaitheimensis and Prolagus vasconiensis should be later
redescribed, especially in comparison to Ptychoprolagus forsthartensis which is similar in
age (middle Miocene). As proposed by Hordijk (2010) ‘Prolagus’ schnaitheimensis
together with Ptychoprolagus forsthartensis, Prolagus fortis López Martínez and Sesé, in
Álvarez-Sierra et al. 1991, and Prolagus aguari c, 1997 may present a separate stem lineage
to the crown Prolaginae lineage. Thus, in order to fully recognize the relationships between
Piezodus spp., Ptychoprolagus forsthartensis, ‘Prolagus’ spp., and Prolagus spp., it is
worth to add more of those species into the analysis in the future. Nevertheless, for now it
seems that the distinction of a separate subfamily Prolaginae inside Ochotonidae is
supported by the phylogenetic analysis.
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7.2.10. The subfamily Ochotoninae Thomas, 1897
Thomas (1897) created only the subfamily Ochotoninae including Ochotona spp.,
without any diagnosis. Commonly, Ochotona spp. are classified as representatives of the
family Ochotonidae (McKenna 1982; Dawson 2008; Fostowicz-Frelik et al. 2010), without
the distinction of the subfamily Ochotoninae. However, because the phylogenetic tree
presented herein shows at least three subfamilies inside the Ochotonidae, it is decided to
reconstitute the Ochotoninae, as in Erbajeva (1988). ‘Lagomyidae’ Lilljeborg, 1866 is one
of the synonyms of Ochotonidae, based on the generic name Lagomys Cuvier, 1805, a
younger synonym of Ochotona. However, it was transformed into a subfamily of
Ochotonidae: Lagomyinae by Erbajeva (1988) and it includes: Marcuinomys roquesi
Lavocat, 1951, Lagopsis spp., Paludotona spp., Alloptox spp., Proochotona spp.
Khomenko, 1914 (junior synonym of Ochotona; Čermák 2016), Pliolagomys spp.
Agadjanian and Erbajeva, 1983, Ochotonoides spp. Teilhard de Chardin and Young, 1931,
and Ochotona spp. It was diagnosed by the dental formula: I1/2 C0/0 P3/2 M2/3, deep
hypostria, and the placement of flexids on the p3. The subfamily Lagomyinae is not
commonly used in the literature, all the taxa listed are mostly classified as members of
Ochotonidae (Wu 2003; Erbajeva and Daxner-Höck 2014). Earlier, Alloptox had been
placed in the phylogenetic trees together with Lagopsis (McKenna 1982) or Austrolagomys
(Kenyalagomys sensu Wu 2003), or as the sister taxon to Prolagus sardus and Ochotona
princeps (Fostowicz-Frelik and Meng 2013). The phylogenetic tree revealed herein does
not support the monophyly of the clade Lagopsis spp. + Alloptox gobiensis, but placed them
as separate branches between Prolagus spp. and Ochotona spp. In this context, the
subfamily Lagomyinae, especially that its type genus is Ochotona, is synonymic with the
subfamily Ochotoninae, including only Ochotona spp.
The topology of the Ochotoninae is not consistent with that of Fostowicz-Frelik et
al. (2010), because Ochotona dauurica should be more closely related to Ochotona lagreli
than to Ochotona princeps. This may be a result of a small number of taxa included here
for the Ochotoninae – especially that the common synapomorphies of Ochotona dauurica
and Ochotona princeps are connected to the skull, which was not coded for Ochotona
lagreli, and the presence of the hypoflexus on the P2, which is absent in Ochotona lagreli.
Thus, the monophyly of the Ochotoninae may be biased because of the small number of
Ochotona spp., and not sufficient number of features distinguishing different species of the
genus.
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7.2.11. The subfamily Lagopsinae Averianov, 2000
Averianov (2000) proposed a subfamily Lagopsinae inside the Ochotonidae,
including the genera Marcuinomys Groizet, 1839, Albertona López Martínez, 1986,
Lagopsis (type), Paludotona and Alloptox. However, the listed diagnostic features do not
fit all the species included, e.g., molariform P4 and three-lobed p3 are not present in
Albertona and hypsodont cheek teeth are not present in Marcuinomys. Thus, the systematic
use of this subfamily is problematic (Hordijk 2010). López Martínez (2001), nonetheless,
proposed that the genera included by Averianov (2000) may indeed be closely related. The
phylogenetic tree provided herein does not support the presence of monophyletic
Lagopsinae. However, only two genera were included (Alloptox and Lagopsis), which are
derived in comparison to the other members of this subfamily. Thus, to find out whether
the subfamily is phylogenetically valid, the phylogenetic analysis should be expanded by
inclusion of the less derived taxa, e.g., Marcuinomys or Albertona.

7.2.12. The subfamily Sinolagomyinae Gureev, 1960
Sinolagomyinae was proposed by Gureev (1960) as a subfamily of Ochotonidae
(earlier Lagomyidae). The diagnosis is, as follows: the hypostria reaching half of the tooth
width, lower molars having only two conids, and high jaw with short diastema. Erbajeva
(1988) added to the diagnosis the lack of roots or rudimentary roots and small p3. Gureev
(1960) included in this subfamily Sinolagomys spp., Ochotonolagus spp. Gureev, 1960,
Oreolagus spp., Austrolagomys spp., and Erbajeva (1988) added Bohlinotona pusilla,
Bellatona spp., and Heterolagus spp. (junior synonym of Lagopsis). Described later, late
Miocene Bellatonoides eroli Sen, 2003 was also included in the family (Erbajeva et al.
2011). Erbajeva still uses Sinolagomyinae in her works (Erbajeva and Sen 1998; Erbajeva
et al. 2011, 2017; Erbajeva and Daxner-Höck 2014), whereas other authors classified those
species only to the family Ochotonidae (Dawson 1965; Huang 1987; Mein and Pickford
2003; Kraatz and Barnosky 2004).
In previous phylogenetic analyses, the representatives of Sinolagomyinae were
nested in various places among the Ochotonidae, e.g.: Sinolagomys close to Amphilagus
and Bellatona close to Ochotona (McKenna 1982); Austrolagomys with Alloptox, and
Bellatona closely related to Prolagus and Ochotona (Wu 2003); or Austrolagomys together
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with Oreolagus, separate from Sinolagomys (Fostowicz-Frelik and Meng 2013). This is the
first cladistic analysis in which the Sinolagomyinae form a monophyletic group.
Sinolagomyinae can be therefore distinguished from other lagomorphs based on eleven
synapomorphies, connected to the reduction in size and structure of the P2, short lingual
lobe of the P3, and trapezoid p3 lacking the anteroconid. The subfamily Sinolagomyinae is
nested inside the Ochotonidae, sister to the Ochotoninae.
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8. Enamel microstructure patterns and their evolution
in Duplicidentata
8.1. Incisors
The enamel schmelzmuster of Rodentia plays an important role in the
reconstruction of the interrelationships between the rodent taxa (Korvenkontio 1934;
Koenigswald 1985; Martin 1993b, 1997, 1999a) and between the rodents and lagomorphs
(Tomes 1850; Koenigswald 1995; Martin 1999b). The earliest works concluded that
Lagomorpha are characterized by single-layered incisor enamel, and Rodentia have doublelayered incisor enamel (Korvenkontio 1934). Later, Koenigswald (1995, 1996) showed that
single-layered enamel is present only in Leporidae, but Ochotonidae have multilayered
incisor enamel. Martin (2004) expanded the number of sampled extinct lagomorph species,
including taxa of Mimotonidae, Eurymilidae, Pseudictopidae, and Zalambdalestidae. The
results show that the plesiomorphic condition for Gliriformes is single-layered radial
enamel in the incisors (Martin 2004). Mimotonidae, represented by Anatolimys
rozhdestvenskii Shevyreva, 1994, have the upper and lower incisors with double-layered
enamel, with the HSB in the PI and radial enamel in the PE (Martin 2004). The same pattern
of the upper and lower incisor schmelzmuster is exhibited by Mimolagus aurorae
(Fostowicz-Frelik et al. 2015a) and Mina hui (Mao et al. 2016). In the PI and PE of both
the upper and lower incisors the prisms run parallel to the IPM. The enamel is thick,
measuring from 130 to 150 μm (Martin 2004; Fostowicz-Frelik et al. 2015a; Mao et al.
2016). Only Gomphos elkema represents single-layered upper and lower incisor enamel
showing HSB with thick and surrounding IPM (Flynn et al. 1987; Fostowicz-Frelik et al.
2015a). The enamel is thinner than in other Mimotonidae, 91 and 98 μm for the upper and
lower incisor respectively (Fostowicz-Frelik et al. 2015a).
Martin (2004) confirmed the statement of Koenigswald (1995, 1996) that Leporidae
have single-layered enamel of both the upper and lower incisors. Koenigswald (1995, 1996)
showed the single-layered HSB in Lepus europaeus, Oryctolagus cuniculus, Hypolagus
brachygnathus, ‘Palaeolagus’ burkei, ‘Palaeolagus’ hemirhizis, upper Eocene Tachylagus
sp. Storer, 1992, Mytonolagus petersoni, and Mytonolagus aff. petersoni. Martin (2004)
expanded the list of taxa having single-layered incisor enamel, including Shamolagus
medius, Litolagus molidens, Chadrolagus emryi, Palaeolagus temnodon, Paleolagus
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haydeni, Palaeolagus intermedius, Megalagus turgidus, Gobiolagus tolmachovi (andrewsi
sensu Martin (2004)), Procaprolagus (Desmatolagus sensu Martin (2004)) vetustus,
Desmatolagus gobiensis, Desmatolagus robustus, Archaeolagus macrocephalus (Matthew,
1907), and Alilepus sp. Both authors considered those species as representatives of
Leporidae. Martin (2004) concluded that Shamolagus medius, Gobiolagus tolmachovi, and
Procaprolagus vetustus have prisms oriented at an acute angle to the IPM, in contrast to
the other species which have the prisms running perpendicularly to the IPM. Mytonolagus
ashcrafti and Mytonolagus aff. petersoni, analyzed herein, share the same schmelzmuster.
Considering the phylogenetic tree presented herein (Figure 141), it appears that the
single character of possessing single-layered HSB is not enough to identify a leporid. The
Eocene stem Lagomorpha: Shamolagus, Gobiolagus, Procaprolagus, Tachylagus, and
Mytonolagus appear to share similar schmelzmuster of the upper and lower incisors with
the HSB having prisms running at an acute angle to the thick IPM. The enamel thickness
of the lower incisor varies from 30 to 50 µm, and for the upper 40–65 µm, so it is more
than two times thinner than in Mimotonidae. The sections show that the enamel of the upper
incisors does no differ structurally from the lower, but it is thicker.
Megalagus, Palaeolagus, ‘Palaeolagus’ burkei, Litolagus, Chadrolagus, and
Alilepus share the same structure of the HSB in upper and lower incisors: HSB with prisms
running rectangular to the IPM. The IPM is thinner in comparison to the previous group,
so the prism bands are visible better. The thickness of the upper and lower incisor enamel
is the same in Palaeolagus temnodon. In other species the enamel of the upper incisor is
thinner than of the lower, however, the disparity is small: from 4 to 20 µm.
The recent Leporidae, Archaeolagus, and Hypolagus also have the incisor enamel
composed of the HSB with prisms running perpendicularly to the IPM. However, the
disparity in the enamel thickness between the upper and lower incisor is big. For
Archaeolagus macrocephalus it is 45 µm, but for Hypolagus brachygnathus there is 115
µm of difference between the thick enamel of the lower incisor and much thinner enamel
of the upper incisor. Because the enamel of the lower incisor is so thick, the HSB undulate
in cross section. Those features can also be observed in recent Leporidae (Koenigswald
1995, 1996).
For the Ochotonidae, Koenigswald (1995, 1996) recognized multiserial incisor
enamel, described in Ochotona alpina (ater sensu Koenigswald (1995)), Ochotona collaris
(Nelson, 1893), Ochotona pusilla, Lagopsis sp., Piezodus sp., Titanomys sp., Prolagus
oeningensis, and Prolagus sardus. The lower incisor enamel of Ochotona spp. is triple270
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layered (radial enamel internally, HSB, and tangential enamel externally), and the upper
incisor enamel is composed of two layers (radial enamel internally and tangential enamel
externally). The lower incisor enamel of Prolagus sardus is double-layered (radial enamel
and HSB externally) and the upper incisor enamel was described as single- double- or
triple-layered (composition of radial and tangential enamel). The enamel of the lower
incisors of Lagopsis sp., Prolagus oeningensis, Titanomys, and Piezodus was described as
double-layered, with radial enamel in the PI and HSB in the PE (Koenigswald 1995, 1996).
Later, Martin (2004) announced that the lower incisor enamel of Austrolagomys
inexpectatus (simpsoni sensu Martin (2004)), Sinolagomys sp., and Bellatona forsythmajori
is double-layered, composed of modified radial enamel in the PI and HSB in the PE.
Ochotonoides complicidens Boule and Teilhard de Chardin, 1928 described in the same
work shows already triple-layered enamel of the lower incisor with modified radial enamel
internally, HSB and tangential enamel externally. The upper incisor enamel is doublelayered, with REIS (modified radial enamel sensu Martin (2004)) internally and HSB on
the outside (Martin 2004). The lower incisor of the middle Miocene Ochotona cf. eximia
and Ochotona sp. from Popovo 3 shows double-layered schmelzmuster, with radial enamel
in the PI and a thin layer of the SB in the PE (Rabiniak et al. 2017).
Herein, the upper and lower incisor were analyzed in Titanomys visenoviensis,
showing a big disparity in the enamel thickness: 24 µm in the upper and 85 µm in the lower.
The former is composed of radial enamel and the second is double-layered. The PE is
recognized as the HSB, but the PE is not considered here as radial enamel. As can be seen
in the cross-sections of the lower incisors of Titanomys visenoviensis, ‘Piezodus’
tomerdingensis, and ‘Amphilagus’ ulmensis, the prisms are organized in series, separated
by the IPM forming inter-row sheets. This type of enamel is radial enamel with inter-row
sheets (REIS), which was recognized so far in red-toothed shrews (Soricinae; Koenigswald
2019; Koenigswald and Reumer 2020). The same type of enamel can be also recognized in
the lower incisors of Austrolagomys inexpectatus, Sinolagomys sp., and Bellatona
forsythmajori, in which the PI is described by Martin (2004) as modified radial enamel.
However, the latter is characterized by the IPM sheets which are as thick or thicker than
the prisms (Pfretzschner 1994). The inter-row sheets are never so thick in the incisor enamel
of the lagomorph listed above. Thus, because thin inter-row sheets are present, it is
classified as REIS. The same schmelzmuster of the lower incisor is also shared by Prolagus
oeningensis and Prolagus sp. from Betfia. For all those species, the schmelzmuster is the
same, the prisms are running perpendicularly to the IPM in both the PI and PE. In all those
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species, the PE compromises 30–50% of the enamel thickness. The microstructure and
thickness of the upper incisor is known only for Titanomys visenoviensis, in which it is very
thin and simplified to single layer of radial enamel. The microstructure of the upper incisor
of other species is unknown.
Prolagus sardus, Ochotonoides complicidens, Ochotona cf. eximia, and Ochotona
sp. from Popovo 3 show multiserial schmelzmuster similar to recent Ochotona species.
Herein, the upper incisor of Prolagus sardus shows double-layered enamel, however, as
reported by Koenigswald (1995), it can be single- to even triple-layered, yet always it is a
composition of radial and tangential enamel. The upper incisor of Ochotona spp. and
Ochotonoides is always double-layered (HSB in the PE and REIS in the PI). The enamel
of the lower incisor of the latter two is double- or triple-layered, and in Prolagus sardus it
is always double-layered, as in the extinct Ochotona cf. eximia and Ochotona sp. from
Popovo 3. Thus, in Ochotona spp., variable schmelzmuster can appear and a wider study
including more Ochotonidae species needs to be done to detect patterns in the incisor
enamel evolution.
Desmatolagus shows an interesting mixture of the enamel microstructure features.
Martin (2004) showed that both Desmatolagus gobiensis and Desmatolagus robustus have
single-layered lower incisor enamel composed of the HSB with IPM running
perpendicularly to the prism direction. Martin (2004) concluded that it is a member of
Leporidae. However, the cross- and vertical sections of the upper incisor of Desmatolagus
gobiensis show that the enamel is very thin (27 μm) and radial. Those features are similar
to Titanomys visenoviensis, in which, however, the schmelzmuster of the lower incisor is
different. Thus, the incisor enamel microstructure of Desmatolagus gobiensis shows a
mixture of features characteristic for the evolutionary lines leading to Leporidae and
Ochotonidae.
Mapping of the incisor enamel characteristics on the phylogenetic tree (Figure 141)
shows that the plesiomorphic condition for the Gliriformes is a thick (100-150 µm) radial
enamel in the upper and lower incisor. Mimotonidae kept the thick enamel, but the
schmelzmuster became double-layered, with the HSB inside and radial enamel outside. The
stem lagomorphs reduced the thickness of the enamel and lost the radial enamel, so the
schmelzmuster was composed only of the HSB. The lineage leading to Leporidae thickened
the lower incisor enamel and reduced the upper enamel thickness, keeping the singlelayered HSB. On the other hand, in the lineage leading to Ochotonidae reduced the upper
incisor enamel in thickness and simplified it back to radial enamel. The lower incisor
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enamel became double-layered, with REIS inside and a thin layer of the HSB outside. This
type of enamel of the lower incisor appears to be widespread in the clade B. Ochotoninae
and Prolaginae independently complicated the enamel structure of the upper and lower
incisor. In Prolagus sardus, they retained similar thickness, but tangential enamel appear.
The upper incisor thickened the enamel layer and complicated its structure. Convergently,
in the Ochotoninae the upper incisor became thicker and double-layered, and the lower
incisor became over two times thicker and double- to triple-layered.

Figure 141. The distribution of the enamel features in the phylogenetic tree of Lagomorpha. Abbreviations: Pleist. –
Pleistocene, H – Holocene.
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The complication of the enamel microstructure in the Ochotonidae may be an
adaptation to feeding on a hard plant material (Huntly et al. 1986; Dearing 1996). The
incisors need to be resistant not only to cracking, but also to wear. In contrast, most of the
Leporidae prefer softer and less abrasive plant matter. They mostly feed on cultivated crops
and weeds (Reichlin et al. 2006), Betula pubescens and Juniperus sp. (Pulliainen and
Tunkkari 1987), and the species living in the Mediterranean area feed on herbaceous plants
(e.g. Trifolium pratense, Brachypodium sylvaticum, Festuca arundinacea) and fruits (e.g.
Prunus spinosa, Pyrus piraster, Malus sylvestris) (Freschi et al. 2015). An exeption is e.g.,
the endemic Pentalagus furnessi Stone, 1900, aside of herbs can feed on cambium and nuts
(Yamada and Cervantes 2005). However, the enamel microstructure of its incisors was not
examined so far to compare it with other Leporidae.
The phylogenetic signal considering the incisor enamel in Lagomorpha is weak for
the stem Lagomorpha and the leporid lineage. All those species have single-layered HSB
in the enamel microstructure of the upper and lower incisor. The exception is Desmatolagus
gobiensis in which radial enamel is present in the thin enamel layer of the upper incisor.
The structure of the upper incisors of other Eocene and early Oligocene stem lagomorphs
is not known, so it is now unknown if the presence of radial enamel of the upper incisor is
a feature exclusive for Desmatolagus gobiensis, or does it also occur in other stem species.
The presence of radial enamel in the upper incisor makes it similar to the early Miocene
European lagomorph taxa, however, in contrast to Desmatolagus gobiensis, those species
have double-layered lower incisor enamel. This microstructure of the lower incisor enamel
occurs in most species of the clade B. However, the PE is thin in the Oligocene-Miocene
European species, and thick in the Sinolagomyinae. Late representatives of Prolaginae and
Ochotoninae show multilayered lower incisor enamel. Thus, the microstructure of the
incisor enamel shows a phylogenetic signal inside the clade B.

8.2. Cheek teeth
The enamel microstructure of the cheek teeth in Lagomorpha was not widely
studied. So far, it is restricted to several species: Lepus europaeus, Oryctolagus (Lepus
sensu Schmidt and Keil (1971)) cuniculus, Ochotona spp., Hypolagus brachygnathus,
Palaeolagus cf. temnodon, Pliosiwalagus whitei Patnaik, 2001, Prolagus spp., and
Eurolagus fontannesi (Schmidt and Keil 1971; Koenigswald and Clemens 1992; Patnaik
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2002; Koenigswald et al. 2010b; Fostowicz-Frelik et al. 2012a; Rabiniak et al. 2017). The
study presented herein expands the knowledge about the changes in the enamel
microstructure in lagomorphs (Figure 141).
In general, the enamel microstructure in the upper and lower cheek teeth of one
individual is consistent. The enamel microstructure of Hypolagus brachygnathus shows
that only the P2 displays different microstructure pattern than the other sectioned teeth (P3,
M2, p3, p4, and m1). In contrast to the other cheek teeth, in the P2 the irregular enamel is
restricted only to the PE of the mesial lagicone. In other places, the PE is composed of the
HSB. In other cheek teeth, the schmelzmuster of the PI and PE is the same: radial and
irregular enamel, respectively. The enamel is best developed on the mesial surface of the
upper cheek teeth and distal surface of the trigonid. Also, it is thick on the lingual surface
of the upper cheek teeth and buccal surfaces of the trigonid and talonid. However, despite
similar thickness in these places, it can differ in the schmelzmuster. The other surfaces of
the tooth lack enamel or have the schmelzmuster simplified to usually one layer. The mesial
surfaces of the upper cheek teeth and the distal trigonid surface have thick, well-developed
enamel because they are the main wearing facets, the primary shearing blade (López
Martínez 1985; Koenigswald et al. 2010b). The secondary shearing blade can appear on
the bucco-mesial posteroloph and distal talonid (Koenigswald et al. 2010b). The
arrangement of those surfaces is influenced by the mastication movements, during which
the jaw movements are more or less parallel to the shearing blades and act bucallo-lingually
(López Martínez 1985; Koenigswald et al. 2010b). The presence of double-layered enamel
on the primary and secondary shearing blades plays an important role in the mastication
system. Radial enamel is resistant to wear, because its prisms are oriented at a large angle
in relation to the functional surface (Rensberger and Koenigswald 1980). In the HSB and
irregular enamel, the stress connected to the wear is split and dispersed, so the pressure is
reduced and the destruction is not propagated (Koenigswald and Pfretzschner 1987;
Pfretzschner 1988). Thus, the HSB and irregular enamel prevent cracking of the enamel
layers, but are less resistant to wear in comparison to radial enamel (Koenigswald and
Pfretzschner 1991). Therefore, the double-layered enamel is developed in the shearing
blades, while on the surfaces of the tooth that do not participate in mastication the enamel
is lacking or reduced to single-layered radial enamel.
The

enamel

microstructure

of

Hypolagus

brachygnathus,

Hypolagus

beremendensis, Pliosiwalagus whitei (Patnaik 2002) is the same as in Lepus europaeus and
Oryctolagus cuniculus (Schmidt and Keil 1971). The PE constitutes ca. 50% of the enamel
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thickness, and is composed of irregular enamel. Radial enamel is present in the PI. Such a
schmelzmuster occurs in the primary shearing blades. Secondary shearing blades are
weakly-developed: the enamel of the buccal posteroloph and distal talonid is thinner and
composed only of radial enamel. Because of the lack of well-developed secondary shearing
blades, those lagomorphs strengthened their grinding mechanism (Koenigswald et al.
2010b), which works as a horizontal movement of two relatively flat surfaces (Rensberger
1973; Ungar 2015).
Ochotona spp. and Prolagus spp. share in general the same schmelzmuster as
Leporidae, having radial enamel in the PI and irregular enamel in the PE, which
compromises 50% of the enamel thickness. However, the radial enamel of Prolagus spp.
can be divided into two sublayers: REIS inside, and radial enamel under the PE. In Prolagus
aff. crusafonti and Prolagus oeningensis the division of the radial enamel into the two
sublayers is not as clear (Rabiniak et al. 2017) as in Prolagus sp. from Betfia, Prolagus
oeningensis (Koenigswald 1996) and Prolagus sardus (Koenigswald and Clemens 1992).
The radial enamel of Ochotona cf. eximia and Ochotona sp. from Popovo 3 does not show
such a division (Rabiniak et al. 2017). In Ochotona sp., the double-layered enamel occur
in the primary shearing blades, as in Leporidae, but also in the secondary shearing blades,
which are well-developed in Ochotona sp. The presence of the secondary shearing blades
implies that Ochotona spp. strengthened their shearing capacity (Koenigswald et al.
2010b). Shearing is here understood as vertical movements of two relatively flat surfaces
(Rensberger 1973; Ungar 2015).
In the case of Prolagus spp., the secondary shearing blades of the lower cheek teeth
are the same as in Ochotona spp.: the enamel is as thick as in the primary shearing blades
and has the same schmelzmuster. However, the upper cheek teeth do not have as deep
hypostria as Ochotona spp. Instead, the hypostria reach 1/3 of the tooth width and the
crescentic valley is present. Thus, the secondary shearing blade is composed in Prolagus
spp. of enamel on the mesial surface of the posteroloph and buccal surface of the crescent
(Koenigswald et al. 2010b). However, the hypostria is getting deeper in the back teeth, so
the secondary shearing blades increased, and became dominant in the later Prolagus
species. Thus, analogically to Ochotona spp., in Prolagus spp. the shearing motions were
dominant in chewing.
‘Palaeolagus’ hypsodus has the primary shearing blades composed of radial enamel
in the PI and irregular enamel in the PE, which reaches ca. 40% of the enamel thickness.
The enamel of the mesial posteroloph and distal talonid is thinner than in the mesial
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anteroloph and distal trigonid, and single-layered. A very thin layer of irregular enamel
appears on the mesio-buccal posteroloph and on the distal anteroloph in the hypostria which
is 1/3 of the tooth width deep. In Pronulagus sp. and Romerolagus diazi this surface of the
tooth has thick enamel and it is considered a composed secondary shearing blade
(Koenigswald et al. 2010b). Those shearing blades in ‘Palaeolagus’ hypsodus are wider
and better developed than in, e.g., Hypolagus spp., but smaller than in Pronulagus sp. and
Romerolagus diazi. Thus, it appears that ‘Palaeolagus’ hypsodus was capable of shearing
motions, however, grinding was dominant. The distribution of the shearing blades of the
lower cheek teeth in ‘Palaeolagus’ burkei is similar to ‘Palaeolagus’ hypsodus. The PE
also reaches 40-50% of the enamel thickness, but it is composed of the HSB. The upper
cheek teeth differ from those of ‘Palaeolagus’ hypsodus, because ‘Palaeolagus’ burkei has
hypostrial lakes instead of open hypostria. However, the enamel of the mesial surface of
the hypostrial lake and the lingual posteroloph is thicker and double-layered. This implies
that ‘Palaeolagus’ burkei, similar to ‘Palaeolagus’ hypsodus, was capable of shearing.
Moreover, both species lack the lingual enamel bridge connecting the trigonid and talonid
lingually, similar to Ochotonidae.
In contrast to ‘Palaeolagus’ burkei, ‘Palaeolagus’ hypsodus and Palaeolagus
intermedius have only the primary shearing blades. The schmelzmuster is the same as in
‘Palaeolagus’ burkei. The specimen AMNH F:AM 144262 shows a strongly worn tooth,
however, Palaeolagus intermedius does not have the hypostria or hypostrial lakes, only
shallow hypoflexid and crescent (Dawson 1958). The presence of well-developed primary
shearing blades, shallow hypoflexid, and large crescent implies a grinding function. After
the crescent disappeared, the main function in chewing was undertook by the primary
shearing blades. However, the motion of the lower jaw is less precise (Koenigswald et al.
2010b). The trigonid and talonid are connected to each other, as in Leporidae.
The PE in the doble-layered enamel of Paleolagus haydeni and Paleolagus
temnodon is thinner than in the Palaeolagus species described above: 40–30 % of the
enamel thickness. However, the schmelzmuster is similar structurally: HSB in the PE and
radial enamel in the PI. In both species those layers are well-developed in the primary
shearing blades. Paleolagus haydeni has much thinner distal surface of the talonid,
however, it is thick bucco-distally. The presence of thick enamel on the lingual talonid and
trigonid of Paleolagus temnodon indicates that this is a juvenile. In worn teeth, the enamel
on the lingual side disappears, and the trigonid and talonid become connected by the lingual
dental bridge. The upper cheek teeth of Paleolagus haydeni have less persistent crescents
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and the hypostria is open longer than in Paleolagus temnodon (Dawson 1958). The primary
shearing blades in both species played the most important role in chewing, especially when
the crescentic valleys and hypostrial lakes had disappeared. Thus, grinding action was
predominant in the mandibular motion of Paleolagus haydeni and Paleolagus temnodon.
Koenigswald et al. (2010b) in the work about the mastication patterns in Lagomorpha
provided a generalized description for stem Lagomorpha using Paleolagus cf. temnodon.
The study of the enamel and the phylogenetic analysis (Figure 141) reveal that the genus
‘Palaeolagus’ is a paraphyletic, highly diverse group of lagomorphs.
Both Megalagus turgidus and Megalagus brachyodon show thick, double-layered
(HSB and radial enamel) enamel of the primary shearing blades. The PE reaches 30–40%
of the enamel thickness. The talonid of both species has thick but single-layered enamel on
the distal surface which undulates close to the OES. Moreover, in contrast to Leporidae,
Palaeolagus species, and Ochotonidae, the enamel is present on the lingual surface of the
lower cheek teeth and is double-layered. In contrast, the upper cheek teeth have less enamel
around them – it is restricted to the mesial and lingual surface of the teeth. The mesial
surface is the thickest, however, the enamel is also thick around the crescent, which
disappeared, as did the hypostrial lake, in old individuals.
Litolagus molidens shows a well-developed primary shearing blade. The enamel is
double-layered with thin HSB (up to 30% of the enamel thickness) and radial enamel in the
PI. The lower cheek teeth of Litolagus molidens in Fostowicz-Frelik (2013) show that only
the primary shearing blade is present. Thus, it appears that Litolagus was grinding, like
Leporidae. Also similar to them, it possesses the lingual dental bridge. However, the PE
was thinner and composed of the HSB, not radial enamel, which resulted in its lesser
durability enamel than in Leporidae.
The enamel of Chadrolagus emryi is composed of the HSB, which reach 50% of
the enamel thickness, and radial enamel in the PI. The enamel is best developed on the
distal trigonid (primary shearing blade), however, it is also thick and double-layered on the
distal talonid (secondary shearing blade?). The description and drawings of the upper cheek
teeth (Fostowicz-Frelik 2013) show that Chadrolagus emryi had a relatively deep hypostria
and crescentic valley. However, without the knowledge of the enamel microstructure of the
upper cheek teeth, it is hard to determine the presence of the secondary shearing blade.
‘Piezodus’ tomerdingensis, Titanomys visenoviensis, ‘Amphilagus’ ulmensis, and
Eurolagus fontannesi (Fostowicz-Frelik et al. 2012a) show similar schmelzmuster. The PI
is composed of radial enamel and the PE, which consist 25–35% (in Eurolagus 44%;
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Fostowicz-Frelik et al. 2012) of the enamel thickness. It is composed of weakly HSB. Such
enamel occurs in the primary shearing blade, which plays the main function in chewing.
The also double-layered enamel on the buccal and lingual surfaces of the crescent forms a
rough grinding surface (Koenigswald et al. 2010b). The hypostria were closed and
disappeared early during wear. Thus, no secondary shearing blade can be detected. The
enamel on the distal surface of the talonid is thinner that on the distal surface of the trigonid.
However, the hypoconulid lake surrounded by double-layered enamel is present. Later, it
was worn down, and did not form a shearing blade. Thus, because the primary shearing
blades play dominant role in chewing in ‘Piezodus’ tomerdingensis, Titanomys
visenoviensis, and ‘Amphilagus’ ulmensis, it appears that grinding was the main mode of
mastication for those species.
Both Mytonolagus ashcrafti and Mytonolagus aff. petersoni show similar
schmelzmuster of the primary shearing blades: thin layer of HSB (30–40% of the enamel
thickness) and radial enamel in the PI. The primary shearing blades appear to have the main
function in mastication. As in the European stem lagomorphs, the double-layered enamel
in the crescent forms a grinding surface. The distal enamel of the talonid is thick, but singlelayered, composed only of radial enamel, thus it was not a shearing blade. Grinding appears
to be mainly used by Mytonolagus spp. However, because of the thin PE, it was more
vulnerable to stress, as in the European stem lagomorphs and Litolagus molidens.
The Eocene Shamolagus medius shows even thinner PE layer: 20% of the enamel
thickness, which makes the enamel even more vulnerable to stress and cracking. The
dominance of radial enamel indicates that it was resistant to wear and only a thin layer of
the HSB protected it from cracking. The presence of enamel on the lingual side and weakly
developed HSB of the molars may imply browsing (Koenigswald et al. 2010a) rather than
grazing typical for lagomorphs.
The enamel microstructure of the cheek teeth was always double-layered in
Lagomorpha (Figure 141). The thickness of the PE is moderately correlated with the
enamel thickness of the primary shearing blades. Thus, thickening of the PE was influenced
by other factors. It appears that PE reaching 40–50% of the enamel thickness appeared
independently in the ochotonid and leporid lineages. In the latter, it appeared as early as
the late Eocene (Chadrolagus emryi). The cheek teeth of the representatives of the
Ochotonidae are less sampled, the earliest appearance of thick PE currently known
happened in the middle Miocene (Eurolagus fontannesi). The presence of thick PE is not
restricted to the hypsodont teeth: Eurolagus fontannesi has thick PE and semihypsodont
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teeth, Litolagus molidens, on the other hand, has thin PE and hypsodont teeth. However,
thick PE always accompanies the appearance of irregular enamel and secondary shearing
blades. The enamel microstructure of the lower cheek teeth shows a gradual change from
thin HSB in the external layer, through thick HSB, ending in the presence of the irregular
enamel instead of the HSB. Herein, those changes are well documented in the Leporidae
lineage. However, Litolagus molidens, a species closely related with Leporidae as inferred
from the phylogenetic tree, shows a thin layer of HBS in the enamel of the cheek teeth.
Similarly, in the Clade B, most of the stem taxa have thin PE, except Eurolagus fontannesi.
Thus, the appearance of the thick layer of the HSB and irregular enamel may rather be an
ecological adaptation which appeared independently in different lineages, than represent a
meaningful phylogenetic signal. The thickening of the PE, and thus the external enamel
layer with the HSB, more effectively prevents the cheek teeth from cracking during wear.
In North America, beginning in the late Oligocene, all lagomorphs already had thick PE,
however, in Asia and Europe lagomorphs with thin PE layer still were present. In the early
Oligocene, a decrease of lagomorph genera diversity can be noticed (Figure 61). This may
be a result of a large change in the mean annual temperature due to cooling of the climate
(Dupont-Nivet et al. 2007; Zanazzi et al. 2007). This temperature change resulted in a shift
from warm temperate, angiosperm-dominated, to cooler temperate, gymnospermdominated (mainly coniferous) forest types in North America (Ridgway and Sweet 1995).
In Asia, the cooling resulted in the appearance of a forest-steppe, dry-temperate climate.
Thus, the mixed coniferous-broad-leaved forest in the late Eocene was replaced by herbs
with few tree species, implying a forest-steppe environment with open grasslands (Sun et
al. 2014). In Europe, along the Mediterranean coast appeared a xerophytic shrubland
(Pound and Salzmann 2017). In Central Europe appeared evergreen warm-temperate
vegetation, such as Cupressaceae (Kunzmann et al. 2016).
The climate change at the Eocene/Oligocene boundary appears to have had a strong
influence on the cheek teeth of the North American species. It is reflected by the thickening
of the PE and appearance of the hypsodonty. In Asia, semihypsodont lagomorphs were
more abundant than the hypsodont species, while in Europe only semihypsodont
lagomorphs were present. The PE of the primary shearing blades is thin in the Asian and
European species, however, in the European forms the incisor enamel changed to doublelayered. Thus, it appears that the global cooling at the Eocene/Oligocene boundary played
an important role in the differentiation of Lagomorpha into two lineages. The fossil record
of the Leporidae lineage is better represented around the Eocene/Oligocene boundary, so
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the changes can be better tracked. In contrast, the Ochotonidae lineage lacks late Eocene
representatives. This may be a result of them living in an environment of poor fossilization
potential. Thus, the cooling of the climate might have pushed the ochotonid ancestors to
leave their environment and move to more open landscapes with xerophytic vegetation in
Europe. The xerophytes have thick but fleshy leaves, thus strengthening of the incisors was
beneficial for the intake of such plants, but chewing of the fleshy leaves did not put
significant stress that could lead to cracking of the enamel, so the PE stayed thin. The
gymnosperm-dominated forests, which started to spread during the early Oligocene in
North America, are similar to the environment of the recent snowshoe hares (Lepus
americanus), which feed on small twigs, buds, and bark of many coniferous and deciduous
species (Rodgers and Sinclair 1997). This food is easy to pick from the ground, but harder
to chew. This may be the reason why in the Leporidae lineage the enamel of the incisors
remained plesiomorphic, but the enamel of the cheek teeth changed, especially through the
expansion of the PE.
The hypsodonty does not correlate with the enamel microstructure changes in
Lagomorpha. However, it was correlated with grazing of grasses with silica-rich granules
(Stirton 1947; Janis et al. 2000; Fortelius et al. 2002; MacFadden 2009). In lagomorphs,
the hypsodonty appeared in the late Eocene, so before the expansion of the open grasslands
(Miocene). A proposed explanation of the early appearance of the hypsodonty in the lineage
leading to the Leporidae is that they fed on vegetation close to the ground level or on the
ground, which means that the plants were covered in soil which is abrasive for the cheek
teeth (Jardine et al. 2012). This hypothesis is consistent with the fact, that in the early
Oligocene in North America the diet of lagomorphs could be similar to that of the snowshoe
hares, which find the food, e.g. small branches, on the ground (Rodgers and Sinclair 1997).
In Asia, the hypsodont lagomorphs appeared in the Oligocene, and in Europe in the early
Miocene. In the Oligocene of Asia expanded herbs which grow close to the ground (Sun et
al. 2014), possibly impacting the hypsodonty as in the North American species. Finally, in
Europe the hypsodonty appeared in the early Miocene, which may be correlated with the
continuation of the global cooling and the beginning of the expansion of the grasses
(Retallack 2004; Osborne 2008). In North America around that time the earliest appearance
of the irregular enamel is noticed (‘Palaeolagus’ hypsodus). In the ochotonids it appeared
later, in the late early Miocene (Prolagus oeningensis). Irregular enamel is more resistant
to cracking than the HSB, because irregular patters of decussation in the former prevent
damage propagation more effectively than the prims layers of the latter (Pfretzschner 1992,
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1994). The discontinuities between the HSB help catching potential cracks between them,
stopping their propagation to the deeper layers, which is an improvement over the
plesiomorphic radial enamel (which directs the potential cracks straight towards the pulp
cavity) but may potentially lead to propagation of the crack towards the alveolus or enamel
flaking. On the other hand, the anisotropic structure of irregular enamel may better disperse
the stress and prevent from cracking altogether (Pfretzschner 1992, 1994).
The irregular enamel in the Ochotonidae cooccurred with the the secondary
shearing blades. The presence of the latter is explained by feeding mainly on harvesting
hay and chewing dry and hard plants (Koenigswald et al. 2010b). Indeed, the semiarid
climate in Europe (Urban et al. 2010) and the increased aridity in the monsoon climate of
Asia (Keeley and Rundel 2005) favored open lands with semi-arid vegetation, grasses or
shrubs. In North America, on other hand, the climate favored tropical woodland savanna
vegetation (Janis et al. 2004). Thus, the climate in North America was less dry than in
Europe and Asia. The pikas adapted to feed on dry hard plants, and because the leporids
sucessfuly invaded Eurasia in the late Miocene (Flynn et al. 2014; Čermák et al. 2015), the
pikas did not expand their ecological niche.
In the middle Miocene, a decrease of the genera richness can be noticed (Figure 61).
This is caused by the middle Miocene extinction peak 16–14 million years ago. This event
is connected to the growth of the ice sheet and results from cooling of the climate, decrease
of forests habitats and expansion of open areas (Pearson and Palmer 2000). In North
America the grassland biome appeared in the middle Miocene (Janis et al. 2002). At that
time in Europe there was a semiarid climate, also favoring grasses (Urban et al. 2010).
Thus, in the late Miocene the grasslands expanded in North America, Europe, and Asia
(Keeley and Rundel 2005; Osborne 2008). This resulted in the decrease of the number of
lagomorph species with semihypsodont teeth, especially after the Miocene extinction peak.
In the late Miocene, when the grasslands dominated the environment (Keeley and Rundel
2005; Osborne 2008), the semihypsodont lagomorphs went extinct.
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9. Diversity of dental shapes in Lagomorpha
The shape of the P3, p3, and m3 is correlated with the size of the particular tooth
(Tables 16-17). The results show that the increase of the tooth size have impact on the
molarization of the P3. However, the North American dataset is to scarce to follow this
transition. The recent Leporide included in the dataset are indeed bigger than the ochotonids
and the early Oligocene Palaeolagus haydeni and ‘Palaeolagus’ burkei. Because the
analysis lacks the diverse species of the Leporidae lineage, the connection between the
molarization of the P3 and size can be biased. The larger size of the p3 is correlated with
deep hypostria. It appears that large Leporidae deepened the hypostria, and the smaller
representatives of Ochototonidae and stem Lagomorpha possesed hypoflexus either
shallower hypostria. Again, this observation may be biased by the unsatisfactorilly variable
sample of Leporidae. For instance Bunolagus monticularis (Thomas, 1903) is larger than
Lepus europaeus, but its hypostria are shallower. Thus, the dataset should be expanded
with more leporid taxa to cheek the influence of the size on the hypostria deepness. Finally,
the shape of the m3 is strongly influenced by its size. This is a result of the reduction of the
m3 talonid which makes the tooth size smaller in comparision to the m3 with talonid.
The Eocene lagomorphs occupy a common morphospace. The mimotonid Gomphos
elkema occupies a different place only in the case of the M1 and m2, its shape overlaps the
middle Eocene stem lagomorphs. Dawsonolagus antiquus overlaps with Gomphos elkema
only in the shape of the m2. Thus, all the Eocene stem lagomorphs occupy a similar niche
different than Gomphos elkema. The latter lived in the early Eocene, however, it went
extinct, together with the representatives of the Mimotonidae, in the early Oligocene
(Bleefeld and McKenna 1985). The differences in the tooth shape of Gomphos elkema may
be a result of a different mode of chewing: vertical and longitudinal movements being
dominant (Fostowicz-Frelik et al. 2015a). In the stem lagomoprhs the transversal
movement was dominant, as can be noticed in the unilateral hypsodont teeth. Such
adatation also appeared in the middle Eocene Mimotonidae (Fostowicz-Frelik et al. 2015a).
Mytonolagus aff. petersoni occupies the same morphospace as the Asian stem lagomorphs.
Thus, in the middle Miocene the lagomoprhs appear to have a homogenous niche.
The morphospace of the early Oligocene Asian lagomorphs changed in comparision
to the Eocene taxa for the P3, P4, and M1 (but some specimens overlap). The disparity of
the morphospaces is a result of the molarization of the premolars and deepenig of the
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hypoflexus. These changes may be connected to the cooling of the climate at the
Eocene/Oligocene boudary. The molarization of the P4 resulted in formation of the primary
shearing blade, so transverse chewing became more effective during processing of herbs in
the forrest-stepe enviroment (Sun et al. 2014). Also, the better marked hypoflexus made
the grinding more effective (Koenigswald et al. 2010b). The change of vegetation resulting
from the climate change favored better grinding mechanisms, so stem lagomorphs without
the primary shearing blades and with nascent hypoflexids went extinct with the end of the
Eocene.
The European ‘Shamolagus’ franconicus occupies a different morphospace in
comparision to the early Oligocene Asian taxa for the P2, M1, M2, p3, and m2. The
morphospaces for all the teeth, except the p3, are comparable to the North American late
Oligocene Palaeolagus spp. and most late Oligocene European species (excluding only the
P2). Thus, the occlusal surface of ‘Shamolagus’ franconicus is more similar to that of the
American than to the Asian taxa. Additionally, the P2 changed from trilobate to bilobate as
in the North American lagomorphs (e.g., Palaeolagu haydeni). This similarity may indicate
that the European lagomorphs migrated from North America, not Asia. It is consistent with
the migration of flora and fauna from America to Europe during the Eocene–Miocene
through the Thulian land bridge (Ellis and Stoker 2014) and may explain the lack of records
of the Ochotonid lineage at the Eocene/Oligocene boudary (Figures 140-141). As metioned
above, the morphospaces of the European late Oligocene species are consistent with
‘Shamolagus’ franconicus, except the P2, which in ‘Amphilagus’ ulmensis and Piezodus
branssatensis is trilobate. The morphospaces overlap with the North American late
Oligocene Palaeolagus spp. and partly overlap with the late Oligocene species of Asia. In
Asia appeared the lagomorphs with high-crowned teeth and nascent or reduced roots, which
occupy different morphospaces than the semihypsodont Desmatolagus spp. or the
European late Oligocene lagomoprhs. However, only the upper cheek teeth show such
disparity, the lower cheek teeth share similar morphosapces, except the p3 and m2. The
shape of the p3 of ‘Amphilagus’ ulmensis occupies a similar morphospace as Paleolagus
haydeni. In both species, the morphospace is wide, because the hypoflexus of the p3 closed
during wear. In the Asian species, the p3 has a stable shape and it is reduced in
size,compared to the p4. This is another similarity between the North American and
European speices, which supports the hypothesis about the migration through the Thulian
land bridge. However, the shape of the m2 is not consistent with neither the North American
or Asian late Oligocene species. The different shape of the m2 (narrower, but longer
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talonid) possibly resulted from the fact that ‘Amphilagus’ ulmensis had the m3 reduced to
a single conid, and Piezodus brannsatensis lack the m3, in contrast to the Asian and North
American species which have the m3. The lagomorphs tend to reduce the size of the
terminal teeth: in Asia the upper and lower terminal teeth in general, in North America the
m3 and M3 in particular, and in Europe those teeth are strongly reduced or even absent.
The strong reduction of the terminal teeth in the Asian and European taxa may be connected
to more transverse jaw movements (Fostowicz-Frelik et al. 2015a). This may be a
preadaptation for the shearing ability. Sinolagomys kansuensis already has the enamel of
the distal talonid similar in thickness to that of the distal trigonid, and thick enamel layer
of the mesial posteroloph. This indicates that shearing appeared already in the late
Oligocene. Because in Asia the cooling of the climate in the late Oligocene resulted in the
widespread appearance of areas with steppe vegetation, the late Oligocene Asian species
were chewing the dry plant material, similar to recent Ochotonids (Koenigswald et al.
2010b), so the mesio-distal compression of the teeth increased the efficiency of transverse
movements (Fostowicz-Frelik et al. 2015a). In North America, the species rather enlarged
the grinding area for mastication, molarizing also the P3. Thus, it seems that because of
hard plant material which grew in Europe and Asia in late Oligocene, the lagomorphs
compressed their teeth for more effective chewing, while in North America, because of
softer food, the area of mastication was prolonged. Such differences in the chewing
mechanism appeared already in the late Oligocene, because of the global cooling. However,
the Asian lagomorphs occupied at least two niches: species with strongly reduced m3 and
M3, reduced roots, higher crowned teeth (Sinolagomys kansuensis, Bohlinotona pusilla,
and Ordolagus teilhardi), and species with lower-crowned, rooted teeth and less reduced
M3 and m3 (Desmatolagus spp.). This indicates that the former were eating more abrasive
plants in open areas, while the latter less abrasive food in the slowly disappearing mixed
coniferous-broad-leaved forests. The PCA shows that as an adaptation to more abrasive
food, the occlusal surfaces of the upper cheek teeth changed their shape (the anteroloph of
the P4 and posteroloph of the M1 and M2 were getting larger), but the shape of the lower
cheek teeth did not change significantly. The changes are connected to the molarization of
the P4 and appearance of the secondary shearing blades on the upper molars. European taxa
share more similarities in the tooth shape (P4, M1, p4, and m1) with Desmatolagus spp.,
indicating that their food was less abrasive than that of most of Asian species, but harder
than the plants eaten by North American species.
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In the early Miocene the lagomorphs became more diverse, what is consistent with
the genera diversity peak (Figure 61). In Asia the lagomoprhs occupied at least three niches.
‘Amphilagus’ spp., characterized by low-crowned, rooted teeth, occupies a similar
morphospace to the Oligocene Desmatolagus spp. Thus, it fed on soft plants, probably in
the rarer at the time mixed coniferous-broad-leaved forest. Sinolagomys spp. and
Bohlinotona spp. have hypsodont teeth, lack the M3, have strongly reduced m3 and short
secondary shearing blades, thus they fed on harder plant material. The third group is
represented here by Alloptox gobiensis, highly specialized in chewing hard plant material,
with fully hypsodont teeth, large and complicated structurally p3, and the P4–M2 with fully
developed secondary shearing blades. The differentiation between those two groups is
especially visible in the shape of the P3 and P4, the morphospaces of the upper molars
overlap between Alloptox, Sinolagomys, and Bohlinotona. The changes of the P4 are
connected to the molarization. The changes of the molars are connected to the deepening
of the hypostria and widening of the posteroloph. The lower cheek teeth show a shape
changing trend from long and narrow (‘Amphilagus’) to short and wide talonid (Alloptox),
what is related to the development of the secondary shearing blade on the distal talonid.
Thus, the beginning of the grasses expansion in the early Miocene (Retallack 2004;
Osborne 2008) opened new niches for lagomorphs and favored the high-crowned species.
A similar expansion also took place in the early Miocene of Europe. The
morphospace occupied by Titanomys visenoviensis, ‘Piezodus’ tomerdingensis, and
Amphilagus antiquus is like that of the late Oligocene species and ‘Amphilagus’ spp. from
the early Miocene of Asia. This indicates similar adaptations, however, the teeth of
‘Piezodus’ tomerdingensis are hypsodont in contrast to the other species. Prolagus
vasconiensis, ‘Prolagus’ schnaitheimensis, and Ptychoprolagus forsthartensis occupy a
different morphospace for the upper cheek teeth, like Asian Sinolagomys spp. The
morphospace for the lower cheek teeth partly overlaps with other European lagomorphs
but is more consistent with Asian Bellatona and Alloptox. Similar as for the Asian fauna,
the cooling of the climate affected the environment, causing the appearance of open areas
and beginning of the grasses expansion (Retallack 2004; Osborne 2008). Also similar to
Asia, the plants were hard, so ‘Prolagus’ species developed secondary shearing blades. A
shearing blade occurs also on the distal surface of the third lobe of the m2, indicating that
it was functional during shearing, as it is on the distal surface of the m3 conid in
Ochotonidae. It appears that in Europe the refuges with soft plants were not present,
because the species which share the shape of the occlusal surface with Asian ‘Amphilagus’
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spp. had the teeth more or even fully hypsodont, lack the M3, and have reduced or lack the
m3. It indicates that the food was more abrasive.
In the middle Miocene of Europe, three different morphospaces can be observed.
The Prolagus morphospace which is consistent for all the teeth from the early–late
Miocene. Thus, Prolagus spp. adapted to chewing hard plant material and did not change
its niche during the Miocene. Eurolagus fontannesi occupies a similar morphospace as
Titanomys and Amphilagus, also indicating that they occupied a similar niche, but in the
early Miocene the diversification of species in this niche was higher than in the middle
Miocene. However, Eurolagus fontannesi does not share the morphospace of the m2 with
Titanomys, Amphilagus, or Piezodus, what can be explained by the fact that its m3 is not
reduced to a single conid, so the talonid of the m2 is shorter. The third morphospace is
occupied by Lagopsis verus, which mostly overlaps with Prolagus spp. but, in general, its
morphospace overlaps with the Asian early Miocene Alloptox. Alloptox and Lagopsis are
closely related (Figures 140-141), thus the appearance of Lagopsis in Europe indicates its
migration from Asia.
From the late Miocene of Europe, Prolagus occupies the same morphospace. Asian
Ochotona spp. occupy the morphospace of the early Miocene Alloptox. The non-hypsodont
species went extinct, possibly as a result of the grasslands expansion.
The recent Ochotona occupies the same morphospace as the early Miocene Alloptox
gobiensis. This indicates similar diet and chewing pattern. The species of the genus
Prolagus also did not change their morphospace form the early Miocene until the
Pleistocene. Hypolagus spp., which appeared in Europe in the Pliocene, occupies a new
morphospace and the recent European Leporidae in general occupy the same morphospace.
The recent Leporidae and Ochotonidae share the same morphospace regardless of their
origin from Europe, Asia, and North America.
Because the morphometry analysis is mainly restriced to European and Asian
species, the key periods of the morphological changes will be discussed only for them,
omitting North America. The first important event was the start of the climate cooling at
the Eocene/Oligocene boudary. The appearance of xerotypic and steppe vegetation in
Europe and Asia, respectively, resulted in the reduction of the M3 and m3, and medio-distal
compression of the teeth, which allowed more effective transverse movements during
chewing. The second event was the appearance of grasses in the middle Miocene, resulting
in the expansion of lagomorphs throughout open landscapes. They diferentiated into the
species feeding on non-, intermediately, and very abrasive plants, as is reflected by their
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occlusal surface shape, enamel microstructure, and – in most cases – hypsodonty. The last
important event which had an impact on the lagomorph diversity was the middle Miocene
extinction peak, which caused the extinction of numerous lagomorph taxa, with only three
morphological groups surviving: the Leporidae, Ochotonidae, and Prolagidae.
The Canonical Variate Analysis reveals that the biggest shape disparity between the
species is present for the p3 and P3, and the smallest for the m2. The Ochotonidae show
bigger disparity between the species than the Leporidae. Thus, the shape of the p3 and P3
in the leporids remained more stable than in the ochotonids. This may be connected to the
fact that the leporids tended to molarize the cheek teeth. The Prolaginae, recent
Ochotoninae, and Leporidae always occupy separate CVA morphospaces. Only the p4 of
the Ochotoninae and Prolaginae partly overlap. The extinct lagomorphs show a shape of
the cheek teeth intermediate between the Ochtotoninae and Leporidae. However, in all
cases Desmatolagus gobiensis presents the most distinct shape of the cheek teeth in
comparison to them. Desmatolagus is the oldest lagomorph on the plots (Figures 138-139).
As concluded above, it used its teeth for chewing non-abrasive food. Its morphospace partly
overlaps with the early Miocene basal ochotonids Amphilagus antiquus (P4, p4) and
Titanomys visenoviensis (m2). Thus, Desmatolagus represents the plesiomorphic shape of
the teeth. The two former, overlap with the late Oligocene North American Palaeolagus
haydeni (Amphilagus antiquus: M1; Titanomys visenoviensis: m1, p4, m2). Thus,
Amphilagus still shows adaptations for eating the less abrasive food, but Palaeolagus and
Titanomys were adapted for eating more abrasive food. It is best seen in the lower cheek
teeth, because their morphospaces overlap with the Pleistocene leporid Hypolagus
brachygnathus (m1, m2, and m3; the latter only with Palaeolagus). This indicates that the
shape of the lower molars (p4–m2) in the Leporidae lineage was consistent starting from
the late Oligocene. However, the shape is most similar for the m2, and less similar for the
preceding teeth. This means that the occlusal surface shape changes were stronger in the
front lower cheek teeth than in the distal teeth, where the shape is more conservative. The
upper cheek teeth of recent Leporidae do not overlap with Palaeolagus haydeni, indicating
more profound shape changes since the late Oligocene than in the lower cheek teeth.
Sinolagomys major, an early Miocene ochotonid from Asia, shows a mosaic tooth shape
relative to other species. Although it already possessed the secondary shearing blades, it
never shares the morphospace with the recent Ochotoninae. Moreover, the shape of its m1
and p4 is similar as in Amphilagus antiquus, Titanomys visenoviensis, Paleolagus haydeni,
and even Desmatolagus gobiensis. Thus, it appears that the shape of the lower molars of
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Sinolagomys is rather plesiomorphic. The upper molars, on the other hand, share the
morphospace with Prolagus spp. Thus, although the lower cheek teeth remain conservative,
the upper already changed their shape (mainly by deepening of the hypostria) and the
change was stronger for the P4 than the M1, so again the changes are stronger in the front
teeth than in the back. The mosaic changes in the cheek teeth shape in Sinolagomys can be
explained by the fact that the secondary shearing blades of the lower cheek teeth could
appear simply by thickening of the enamel of the distal talonid. In the case of the upper
cheek teeth, the structure of the teeth had to change, the crescentic valley had to decline to
deepen the hypostria because of the appearance of the secondary shearing blade of the distal
anteroloph. Subsequently, the talonid became wider linguo-buccally, so the secondary
shearing blade could become more effective in shearing. Thus, Prolagus spp., Ochotona
spp., and Lagopsis verus do not overlap with Sinolagomys major. The Pleistocene Prolagus
sp. from Betfia shares the p4 shape with Ochotona spp., but not the m1 shape. Prolagus
oeningensis does not overlap with Ochotona for both the p4 and M1, and the upper cheek
teeth. It appears that in the younger Prolagus spp. the secondary shearing blades started to
extend linguo-buccally, as well starting from the front teeth towards the back. For the upper
cheek teeth only Prolagus oeningensis is sampled, thus it is unknown whether this shape
similarity was also true for the upper molarized teeth. The m1 of the middle Miocene
Lagopsis verus shows a partial overlap with the morphospace of Prolagus oeningensis.
Lagopsis does not overlap with Ochotona species for the m1 or m2, which are sampled.
Thus, it has the shape of the lower m1 and m2 plesiomorphic for the Ochotonidae.
Interestingly, the P4 of the early Miocene Alloptox gobiensis already has a similar shape to
that of the recent Ochotona spp. For the other cheek teeth, Alloptox is unsampled, however,
given the results of the PCA, it shows a lot of similarities in the other teeth shape to the
recent Ochotona spp.
The results show mosaic changes in the shape of the cheek teeth in the evolution of
the lagomorphs. In general, in the leporid lineage the shape of the lower cheek teeth (p4–
m2) did not change significantly since the late Oligocene, in contrast to the upper cheek
teeth, which tended to molarize. Because the leporids retained and prolonged the grinding
part of the mastication cycle using only the primary shearing blades (Koenigswald et al.
2010b), a shape change in the lower cheek teeth was not needed as the developed crenulated
hypostria, which resist the abrasion during chewing, proved sufficient (Koenigswald et al.
2010b). On the other hand, the ochotonids developed the secondary shearing blades, thus
the molarization of their upper cheek teeth began earlier then in the Leporidae (late
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Oligocene/early Miocene). The talonids of the lower cheek teeth became elongated
buccallo-lingually to strengthen the shearing movements. Thus, the shape changes in the
occlusal surfaces of the cheek teeth in lagomorpha present similar ectomorphs rather than
a key tool for taxonomical analyses. It was already shown in the study of the cheek teeth
shape changes in Ochotona alpina, Ochotona hyperborea, Ochotona macrotis, and
Ochotona pallasi (Volkova and Lissovsky 2018). The Ochotona spp. included in this work
(see Methods) also share the same morphospaces, and do not show significant disparity.
The inclusion of other duplicidentates into the shape analysis show rather patterns of
diversification of the teeth shape in time affected by the vegetation changes resulting from
the global cooling.
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10. Lagomorph dental evolution in the context of
climate change in the Cenozoic
It has been demonstrated that the climate changes and, connected to them, biotic
and abiotic changes affect small mammals more significantly than larger species, however,
the former show better adaptability (Maridet et al. 2007; Maridet and Costeur 2010). The
expansion of the Antarctic ice sheet which started at the Eocene/Oligocene boundary had a
strong influence on the progressive cooling of the climate (Zanazzi et al. 2007; Sun et al.
2014) leading to glaciation in the Pleistocene (Pearson and Palmer 2000). This influenced
the lagomorph diversity, what can be observed by tracking the changes of their teeth
structure. The progressive cooling of the climate affected the plants and, in result,
landscapes and food available for herbivores. High adaptative capability of lagomorphs
resulted in development of many homoplasies in the skeleton, which makes it difficult to
track the evolution within that group. However, it appears that diet changes resulting from
global cooling of the climate had a strong impact on the lagomorph evolution, and this
pressure is also reflected in the teeth.
The Eocene was the warmest epoch in the Cenozoic Era (Pearson et al. 2007).
During the early–middle Miocene the representatives of the stem Lagomorpha had
unmolarized premolars, molars with a postcingulum, and the P2, M3, p3, and m3 not
reduced in size. The enamel of their molars was composed of a thin layer of HSB. All those
features imply that the lagomorphs were browsing, which is corroborated by the fact that
in the Eocene the vegetation was dominated by broad-leaved plant species, a typical food
for browsing mammals (Janis et al. 2000). In Asia the gradual change in the climate and
vegetation towards arid biomes started already in the middle Eocene (Pound and Salzmann
2017). Therefore, when the subtropical forests in East Asia tended to disappear, the stem
lagomorphs closer to the crown reduced their P2, M3, p3, m3, and postcingulum, and their
P4 started to molarize. Those changes are correlated with the development of the primary
shearing blades and grazing, which is a more effective way of feeding on xerophytic plants.
Moreover, when the East Asian landscape was changing, lagomorphs migrated to North
America, where the warm-temperate mixed forest remained not replaced (Pound and
Salzmann 2017). The phylogenetic tree shows the divergence of the lineages leading to
Ochotonidae and Leporidae in the middle/late Eocene. According to the molecular clock,
this event may have taken place 40 (Matthee 2009) or even 50.2 (Ge et al. 2013) million
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years ago, in early/middle Eocene.
Thus, it appears that there is a gap in the
fossil record of the middle–late Eocene
taxa closer to the crown, while the stem
Lagomorpha were more numerous at
that time. The late Eocene fossil record
includes

representatives

of

the

Leporidae, but not of the Ochotonidae.
If the ochotonids crossed the Thulian
land bridge in the late Eocene/early
Oligocene, the fossil record of this
migration was not discovered yet.
Alternatively, the late Eocene/early
Oligocene

ochotonids

lived

in

environments of lower fossilization
potential than did the leporids.
The leporids originated in North
America (Dawson 2008; Flynn et al.
2014). The changes in their dental
characters can be summarized as the
expansion of the p3 trigonid, beginning
of full molarization of the P4 and P3,
Figure 142. The supposed migrations of lagomorphs in the
Northern Hemisphere. Eocene: stem Lagomoprhs migrated from
Asia to North America, where the first leporids and first hypsodont

and thickening of the external enamel
layer in the cheek teeth. Hypsodont

species appeared; Oligocene: hypsodont leporids migrated to Asia

teeth appeared already in the late

(Ordolagus) and the first lagomorphs in Europe appeared, which

Eocene, but lagomorphs with rooted

migrated probably from North America, and then to Asia; early–
middle Miocene: hypsodont ochotonids migrated from Asia to

teeth

were

still

present

in

the

North America, Europe, and Africa, European ochotonids with

middle/late Miocene (Figure 142).

rooted teeth migrated to Asia. The diversity of lagomorphs was

Even in the hypodigm of the early

highest at this time; late Miocene: after the extinction, the diversity

Oligocene ‘Palaeolagus’ hemirhizis,

of lagomorphs fell down, only hypsodont species survived,
leporids migrated from North America to Asia, Africa and Europe,

only about half of the specimens has

Asian ochotonids migrated to Europe and North America; Plio–

rootless teeth, and the second half still

Pleistocene:

the

ochotonids

extinct

in

Africa,

leporids

differentiated in the Northern Hemisphere. The paleogeographical

preserves rudimentary roots (Korth
1988). The lingual dental bridges

maps after Scotese (2014a, b)
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consolidated in the Leporidae lineage, the crescents and hypostrial lakes were lost, and the
hypoconulids were present only in the very early stages of wear. The Leporidae members
bear plesiomorphic features, such as the number of the teeth, presence of the lingual dental
bridges, and the HSB building the incisor enamel, probably correlated to the fact that the
climate and vegetation changes at the Eocene/Oligocene boundary in North America were
not as pronounced as in Europe and Asia (Pound and Salzmann 2017). However, the change
from angiosperm-dominated to gymnosperm-dominated forests (Ridgway and Sweet 1995)
resulted in enhancement of the primary shearing blades reflected in the molarization of the
upper cheek teeth. The latest Eocene/Early Oligocene Litolagus molidens already lacked
the hypostrial lakes, crescents, and hypoconulids. However, all known individuals exhibit
moderate stages of wear, possibly obscuring their presence in juveniles (Fostowicz-Frelik
2013).
In the Oligocene of Asia, when the xerophytic shrublands were expanding,
hypsodont lagomorphs appeared, but stem Desmatolagus spp. with rooted teeth were still
more numerous. The hard plant diet resulted in development of the secondary shearing
blades and two-layered incisor enamel (Sinolagomys kansuensis), which allowed the
ochotonids to more effectively shear hard plants. In Europe, on the other hand, where the
vegetation was dominated by coniferous forests and sclerophyll woodlands (Pound and
Salzmann 2017) the rare lagomorphs have already double-layered incisor enamel, but the
cheek teeth have only the primary shearing blade, roots, and weakly-developed enamel.
This indicates that although their food was hard to acquire, it was not abrasive. Moreover,
similarly to the Asian species but in contrast to the North American forms, the European
lagomorphs tended to reduce or lose the M3 and m3. This may be correlated with the
reduction of their snout size (Böhmer and Böhmer 2017) and with optimization of hard
plant chewing. The origin of lagomorphs in Europe is uncertain due to the absence of the
fossil record before the Oligocene, however, it is possible that they migrated from North
America (Figure 142).
The cooling progressed towards the Miocene, resulting in further expansion of the
grasslands. In the Oligocene in North America the lagomorphs were diverse, with highand low-crowned teeth. However, with the beginning of the Miocene, the diversity of the
lagomorphs with rooted teeth fell down, but the hypsodont species become more diverse
(Figures 61 and 141). Interestingly, even when the Lagomorpha with rooted teeth were less
common than the species with hypsodont teeth, the generic variability did not change
significantly (Figures 61 and 141). The apparent low generic diversity of North American
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lagomorphs in the Oligocene may potentially be explained by lumping of numerous
unrelated species into the genus Palaeolagus (Figure 140). The appearance of grasses also
influenced strengthening of the cheek teeth enamel: the HSB complicated their structure
into irregular enamel, more resistant for crushing. Those changes in the Miocene were
crucial for the Leporidae clade, because the irregular enamel, hypsodont teeth, and fully
molarized cheek teeth in this group still remain. After the middle Miocene extinction peak,
when the lagomorphs with rooted teeth disappeared, Leporidae were very successful in
migration to other continents from North America (Figure 142) probably due to the
expansion of grasslands (Janis et al. 2002; Keeley and Rundel 2005), to which Ochotonidae
were less adapted, preferring harvesting hay and chewing dry and hard plants (Koenigswald
et al. 2010b).
Although in the North America hypsodont species were already common in the
early Miocene, in Europe the first hypsodont species just appeared at that time (‘Piezodus’
tomerdingensis). In the middle Miocene in Europe the small mammal fauna was mixed
with species which have arrived from Asia, and independent evolution withing the
biogeographical provinces resulted in speciation and individualization (Maridet et al.
2007). Even though ‘Piezodus’ tomerdingensis was already hypsodont, its enamel
microstructure was still plesiomorphic, and irregular enamel and secondary shearing blades
appeared later, in the middle Miocene Prolagus oeningensis. In the middle Miocene, when
the last lagomorphs with rooted teeth went extinct, the members of Prolagus spp. cooccurred with ochotonid species arrived from Asia (e.g., Alloptox and Lagopsis spp.; Figure
142). The latter preferred southern, more arid climate, and Prolagus spp., more northern,
humid territories in the Miocene (van der Meulen and Daams 1992; López Martínez 2001).
In Europe, Prolaginae were dominant in the Miocene and Pliocene, and the presence of
numerous islands in Europe during the Pliocene favored speciation of Prolagus spp. In
contrast to other Ochotonidae, their m2 possessed a third conid (López Martínez 1974) with
a shearing blade, which had analogical function to the m3 of ochotonids. During the
Oligocene Desmatolagus spp. with rooted teeth dominated in Asia, while in the Miocene
the hypsodont Ochotonidae, such as Sinolagomyinae, became more prominent. After
developing the secondary shearing blades in the late Oligocene, they spread in the Miocene
to North America, Europe, and even Africa (Figure 142). This may be a result of the
progressive cooling of the climate, and expansion of xerophytic shrublands and sclerophyll
woodlands with hard dry plans (Urban et al. 2010). The lagomorphs with the secondary
shearing blades were well adated to feeding on them. Interestingly, the diversity of the
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Asian lagomorph genera remained consistent from the late Oligocene to the late Miocene.
However, as noted by Erbajeva (2007), starting in the late Oligocene, the species with
rooted teeth became slowly superseded by the hypsodont lagomorphs, which dominated
Asia already in the middle Miocene. Thus, either the lagomorphs with rooted teeth were
slowly substituted in Asia by hypsodont ochotonids, or the species currently grouped within
Desmatolagus represent more than one genus, resulting in a significant underestimation of
non-ochotonid lagomorph diversity at the time. It is also worth to note that the hypsodont
Lagomorpha were also affected by the climatic changes. Sinolagomyinae disappeared
during the middle Miocene after dispersion in the early Miocene (Figures 141-142).
Unfortunately, the phylogenetic tree constructed herein does not contain enough species of
lagomorphs from the late Miocene–Pleistocene to satisfactorily track the diversity changes.
The data presented here show that the hypsodont teeth and strengthening of the enamel
microstructure were crucial for Lagomorpha to survive the expansion of the East Antarctic
Ice Sheet, which resulted from the cooling of the climate and led to the appearance of the
open landscapes with grasses.
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11. Conclusions
The research presented herein is an extensive study of the changes in the
Duplicidentata enamel microstructure and shape changes of the teeth from the Eocene to
Holocene. The phylogenetic relations between the duplicidentates were reconstructed and
the changes in the enamel microstructure of the teeth and the shape changes in the occlusal
surface of the cheek teeth were explained in accordance with the global climate changes in
the Cenozoic. The results show a complex evolutionary history of duplicidentates.
The enamel microstructure of the incisors potentially bears a phylogenetic signal,
which is stronger in the ochotonid than the leporid lineage. In the latter, the microstructure
of the incisor enamel shows a plesiomorphic condition, while in the ochotonid lineage the
microstructure is more complex, characterizing particular taxa. However, some species,
such as Desmatolagus gobiensis, show a mixture of features: lower incisor enamel
composed of HSB like in leporids, and thin upper incisor enamel composed of radial
enamel like in stem ochotonids. Thus, adequate sampling among the Eocene taxa is still
required to see the incisor enamel microstructure differentiation at the beginning of both
the leporid and ochotonid lineages.
On the other hand, the enamel microstructure of the cheek teeth does not show a
clear phylogenetic signal. The general trend of thickening and complication of the PE is
visible in the leporids and ochotonids. Thick PE appeared in different lineages
independently. Irregular enamel appeared at least twice in the evolution of duplicidentates:
in the leporid lineage, as indicated by ‘Palaeolagus’ hypsodus, which shows a transitional
microstructure of the PE, and in the ochotonid lineage, but the sample included herein does
not provide enough data to find out whether the appearance of irregular enamel in the
ochotonids was a single episode, or if it occurred multiple times.
The enamel microstructure of the cheek teeth does not strictly correspond with the
crown height; however, irregular enamel occurs only in hypsodont species. Also, the shape
of the occlusal surface in duplicidentates does not correspond either with the enamel
microstructure or the crown height. Thus, the analyzed changes in the enamel
microstructure and shape changes in the cheek teeth appear to correspond with the mode of
mastication and variation of diet resulting from the changes in vegetation caused by the
global cooling of the climate which started in the Eocene and lasted until the Pleistocene.
The increase of the shape diversity in the occlusal surfaces of the cheek teeth in lagomorphs,
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as well as the appearance of irregular enamel in the leporids and the secondary shearing
blades in ochotonids took place in the early Miocene, when the specific diversity was the
highest. During this time, the lagomorphs explored new niches, associated with the
appearance of grasslands. Then, in the late Miocene, when the grasslands expanded, the
diversity of the lagomorphs decreased significantly. Those two events were important in
the evolution of the group, because thanks to the expansion in the early Miocene, some
lagomorph taxa attained tooth features which allowed them to survive the extinction peak
in the middle Miocene. The features attained during that time, e.g., irregular enamel in the
PE of the cheek teeth, secondary shearing blades in ochotonids, and molarization of the P3
in the leporids, last until today. Thus, the shape of the occlusal surfaces in lagomorphs was
rather stable for the leporids, ochotonins, and prolagins since the late Miocene.
The presented phylogenetic tree revealed that (1) the stem lagomorphs are
paraphyletic; (2) Desmatolagus spp. appear to represent stem lagomorphs, not belonging
to the leporid or ochotonid linege; (3) the origin of the ochotonid lineage is enigmatic due
to the scarce fossil record from the late Eocene; (4) the stem species of the Leporidae
lineage need revision, because the genus Palaeolagus is paraphyletic; (5) the
‘Amphilaginae’ do not form a clade, being rather a ecomorphological group related to the
Ochotonidae; (6) the Prolaginae, Ochotoninae, and Sinolagomyinae form monophyletic
clades, while the validity of other lagomorph subfamilies is questionable.
Although the research contains 40 lagomorph genera, there are still gaps which need
to be filled in the future. Still, only a little is known about the enamel microstructure
changes in the teeth of the Eocene stem lagomorphs, Miocene ochotonids, and leporids.
Moreover, it would be beneficial to add more species to the morphometric analysis,
especially taxa from North America and middle Miocene-Pleistocene of Asia, in order to
provide a wider overview of the shape changes in the duplicidentates of the Northern
Hemisphere. Finally, in the future the phylogenetic analysis should be expanded by
additional taxa and the paraphyletic genera should be revised.
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The cited literature is listed in the chaper 12, together with the literature cited in the
thesis.

Systematic paleontology
Class: Mammalia Linnaeus, 1758
Superorder: Euarchontoglires Murphy et al., 2001
Grandorder: Glires Linnaeus, 1758
Mirorder: Duplicidentata Illiger, 1811
Family: Mimotonidae Li, 1977

Genus: Gomphos Shevyreva et al., 1975
Dental characteristics. Dental formula: I2/2, C0/0, P3/2, M3/3. Cheek teeth are
unilateral hypsodont. The P3–P4 non-molarized. The M1 with mixed features of the P4 and
the M2. The M2 is the biggest upper cheek teeth and has separated trigon and the hypocone
shelf. The hypostriae are absent. The molars with postcingulum. The upper cheek teeth are
spaced. The m3 is slightly smaller than the m2 and has a large hypoconulid. No dental
bridges are present. All lower cheek teeth have double roots.
Comments. The representatives of the Palaeocene–early Oligocene Mimotonidae
are probably a paraphyletic group with close affinities to Lagomorpha (Asher et al. 2005;
Kraatz et al. 2010; Fostowicz-Frelik et al. 2015a).
Type species. Gomphos elkema Shevyreva et al., 1975.
Species included. Gomphos ellae Kraatz et al., 2009; Gomphos progressus Li et
al., 2016b; Gomphos shevyrevae Meng et al., 2009.

Species: Gomphos elkema Shevyreva et al., 1975
Type specimen. PIN 3493-1, incomplete right mandible with crushed p4 and
complete m1 and m2.
Dental characteristics. Gomphos elkema has less robust and high-crowned teeth in
comparison to Gomphos shevyrevae (Meng et al. 2009). In comparison to Gomphos ellae,
Gomphos elkema has shallower mandibular ramus (Kraatz et al. 2009). Gomphos elkema

Dental evolution in duplicidentate Glires (Mammalia)

differs from Gomphos progressus in non-reduced postcingulum on the M3 and the presence
of the mesostyle (Li et al. 2016b).
Age. Early Eocene.
Type horizon and locality. Gashato Formation, Gashato locality, Mongolia.
Other horizons and localities. Other Eocene localities in Mongolia (Dashzeveg
1988; Dashzeveg and Russell 1988; Asher et al. 2005) and China (Meng et al. 2004).

Order: Lagomorpha Brandt, 1855
Family indet.

Genus: Dawsonolagus Li et al., 2007
Dental characteristics. Dental formula: I2?/1, C0/0, P3/2, M3/3. Cheek teeth are
unilateral hypsodont. The P3–P4 non-molarized. The M1 with mixed features of the P4 and
the M2. The M2 is the biggest upper cheek teeth. The hypostriae are very shallow or absent.
The upper cheek teeth are spaced. The postcingulum is present. The P3 is single-rooted,
the P4 with buccal and lingual roots, and molars with one lingual and two buccal roots. The
m3 is slightly smaller than the m2 and has a large hypoconulid. No lingual dental bridges
are present. All lower cheek teeth have double roots.
Comments. Dawsonolagus is classified as a representative of Lagomorpha (Li et
al. 2007) because of the presence of only one pair of lower incisors. Dawsonolagus is
currently monospecific.
Type species. Dawsonolagus antiquus Li et al., 2007.

Species: Dawsonolagus antiquus Li et al., 2007
Type specimen. IVPP V7462, partial skull with the P4–M2 on both sides.
Dental characteristics. Same as for the genus.
Age. Late early Eocene.
Type horizon and locality. Lower part of the Arshanto Formation, Nuhetingboerhe
locality, Erlian Basin, Inner Mongolia, China.
Other horizons and localities. –

Genus: Shamolagus Burke, 1941
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M3/3. Cheek teeth lowcrowned. The P3 and P4 are nonmolariform. The M1 is the largest upper cheek tooth, but
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not significantly bigger than the P4. The P4 with a crescent. The upper molars with circular
enamel lake. The hypostriae are very shallow or absent. The postcingulum is present. The
upper molars have one lingual and two buccal roots. The p3 is trilobate. The m3 is not
reduced and bears a distinct hypoconulid. The lingual dental bridges appear early. The p4m3 are double rooted.
Comments. The type species Shamolagus grangeri Burke, 1941 and Shamolagus
medius Burke, 1941 were previously considered as closely related to Mytonolagus Burke,
1934 and located in the same subfamily (Mytonolaginae Burke, 1941) with Gobiolagus
Burke, 1941. Shamolagus was either considered to be a representative of Leporidae (Li
1965; Russell and Zhai 1987; Meng et al. 2005) or not (McKenna 1982). According to
Averianov and Lopatin (2005), Shamolagus belongs to Strenulagidae Averianov and
Lopatin, 2005.
The only known m1–m2 teeth of Shamolagus ninae Gabunia, 1984 from the early
Eocene deposits of Kazakhstan are small, brachyodont and have high and narrow trigonid.
Those features exclude this lagomorph from the genus Shamolagus, now it is considered
Lagomorpha incerate familiae (Averianov 1998; Meng et al. 2005). The second lagomorph
usually attributed to Shamolagus is the middle Oligocene ‘Shamolagus’ franconicus
(Hessig and Schmidt-Kittler, 1975) from Germany. It is likely a new genus, as suggested
by the phylogenetic analysis (see further).
Type species. Shamolagus grangeri Burke, 1941.
Species included. Shamolagus grangeri Burke, 1941; Shamolagus medius Burke,
1941.

Species: Shamolagus medius Burke, 1941
Type specimen. AMNH 26144, fragment of right mandible with broken incisor and
the p3–m1.
Dental characteristics. Reduced m3 with an indistinct hypoconulid lobe
distinguish Shamolagus medius from Shamolagus grangeri.
Age. Late middle Eocene.
Type horizon and locality. Shara Murun Formation, Baron Sog, Inner Mongolia,
China.
Other horizons and localities. Shara Murun Formation, Ula Usu, Inner Mongolia,
China (Li 1965). Shamolagus cf. medius was reported from the Heti Formation, Liguanqiao
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Basin of Henan Province and Yuanqu Basin of Shanxi Province, Central China (Tong
1997).
Comments. Averianov and Lopatin (2005) synonymized Shamolagus medius with
Shamolagus grangeri. Those two species are indeed similar, and their temporal and spatial
occurrences overlap. Meng et al. (2005) pointed out that the discrimination between those
two species is difficult, because the p3 of Shamolagus grangeri had not been found yet.
However, strong reduction of the m3 in Shamolagus medius is so far the most convincing
feature distinguishing them (Meng et al. 2005).

Genus: Gobiolagus Burke, 1941
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M3/3. Cheek teeth are
unilateral hypsodont. The P2 is trilobate. The P3 and P4 are nonmolariform. The M1 is the
largest upper cheek tooth. The hypostriae are very shallow or absent. The M3 is slightly
smaller than the M2. The postcingulum is present. The P3 is single-rooted, the P4 has
buccal and lingual roots, and molars have one lingual and two buccal roots. The p3 is
trilobate. The m3 is reduced slightly more than in Shamolagus. The hypoconulid is present
only on the m3. The lingual dental bridges appear only in early stages of wear. The p4–m2
are double rooted.
Comments. Burke (1941) classified Gobiolagus in Mytonolaginae, a subfamily of
Leporidae, with Mytonolagus and Shamolagus. Later, Gobiolagus was classified as a
member of Leporidae, without subfamily distinction (Zhang et al. 2001; Meng et al. 2005).
However, Averianov and Lopatin (2005), and Lopatin and Averianov (2006) included
Gobiolagus into a new family Strenulagidae, characterized by a combination of primitive
and uncertain characters. However, because the phylogeny of Duplicidentata was
unresolved, Fostowicz-Frelik et al. (2012b) moved Gobiolagus into Palaeolagidae Dice,
1929, considering this family a ‘waste-basket’ for stem groups.
Type species. Gobiolagus tolmachovi Burke, 1941.
Species included. Gobiolagus aliwusuensis Fostowicz-Frelik et al., 2012b;
Gobiolagus burkei Meng et al., 2005; Gobiolagus lii Zhang et al., 2001; Gobiolagus major
Burke, 1941; Gobiolagus tolmachovi Burke, 1941.
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Species: Gobiolagus tolmachovi Burke, 1941
Abbreviated synonymy. Gobiolagus andrewsi Burke, 1941.
Type specimen. AMNH 26142, left mandible with broken incisor and the p3–m3.
Dental characteristics. Smaller than Gobiolagus major but larger than Gobiolagus
lii and Gobiolagus burkei. The p3 has an internal reentrant (= mesoflexid?) at the
anterolingual side of the tooth. The central lobe of the P2 is larger than the lingual lobe, in
contrast to Gobiolagus aliwusuensis.
Age. Late middle Eocene.
Type horizon and locality. Shara Murun Formation, Baron Sog, Inner Mongolia,
China.
Other horizons and localities. Many Eocene localities in China (Burke 1941;
Meng et al. 2005).
Comments. The material of Gobiolagus andrewsi described thus far does not
include specimens with well-preserved P2 (Qi 1988; Meng et al. 2005). The new material
housed in the IVPP collection contains a specimen with this tooth (IVPP 09388 sp. 3). It is
more worn than the only known P2 of Gobiolagus aliwusuensis (IVPP V 18502), in which
the lingual and central lobes are similar in size. In contrast, Gobiolagus tolmachovi has the
central lobe of the P2 bigger than the lingual and buccal lobes, which are reduced. However,
the specimen of Gobiolagus aliwusuensis (IVPP V 18502) is less worn off in comparison
to the specimen of Gobiolagus tolmachovi (IVPP 09388 sp. 3). Fostowicz-Frelik et al.
(2012b) pointed out that in Gobiolagus aliwusuensis the lingual lobe is the largest and
increases its area as the wear progresses.
Gobiolagus andrewsi can be distinguished from Gobiolagus tolmachovi by the
position of a lingual reentrant in the p3. In Gobiolagus andrewsi the p3 is wider and the
internal reentrant is anteriorly positioned. On the other hand, Gobiolagus tolmachovi has
narrower p3 and the internal reentrant is posteriorly positioned (Burke 1941). The
differences between the two species can be explained by different stages of wear, because
the position of the reentrant can change with wear (Meng et al. 2005).
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Figure A1. A. Gobiolagus tolmachovi, specimen IVPP 09388 sp. 3 showing a trilobate P2 with a large central lobe; B.
Gobiolagus aliwusuensis, specimen IVPP V 18502 with the P2 having large lingual lobe. Scale: 2 mm. The photographs
of the specimens taken by Łucja Fostowicz-Frelik.

Species: Gobiolagus aliwusuensis Fostowicz-Frelik et al., 2012b
Type specimen. IVPP V18500, right maxilla with the P3–M3.
Dental characteristics. Smaller than Gobiolagus major but larger than Gobiolagus
lii, and Gobiolagus burkei. The P3 bears an accessory cusp on the anterior wall of its central
lobe and two well defined cusps on the P4. The lingual lobe of the P2 is larger than the
central lobe.
Age. Middle Eocene.
Type horizon and locality. Irdin Manha Formation, Aliusu, China.
Other horizons and localities. –
Comments. Similar to the younger Gobiolagus tolmachovi. Some individuals of
Gobiolagus aliwusuensis do not have the accessory cusp on the P3 and have two poorlydeveloped distinct buccal cusps of the P4. It was proposed that the differences are
polymorphic (Fostowicz–Frelik et al. 2012b), as is very common in lagomorphs
(Fostowicz-Frelik and Tabrum 2009). The new material of Gobiolagus tolmachovi shows
an additional feature distinguishing Gobiolagus tolmachovi from Gobiolagus aliwusuensis:
the central lobe of the P2 is biggest in the former, and the lingual lobe of the P2 is largest
in the latter species (Figure A1).
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Genus: Strenulagus Tong and Lei, 1987
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M3/3. Cheek teeth are
unilateral hypsodont. The P3 and P4 are non-molarized. The M1 is the largest upper cheek
tooth. The hypostriae are very shallow or absent. The M3 is smaller than the M2 and has
simplified morphology. The postcingulum is present. The P3 has two roots, the P4 has one
buccal rootlet, and the M1 and M2 have two small buccal roots symmetrical relative to the
shaft. The p3 is trilobate. The m3 is not reduced and has the hypoconulid. The lingual dental
bridges appear late. The two roots of the p4–m2 are fused to each other, the fusion is
stronger in the p4, and less pronounced in the successively distal teeth.
Comments. Strenulagus is often classified in Leporidae (Tong and Lei 1987; Meng
et al. 2005) or in Strenulagidae (Averianov and Lopatin 2005), where Strenulagus is located
with other Eocene lagomorphs.
Type species. Strenulagus shipigouensis Tong and Lei, 1987.
Species included. Strenulagus shipigouensis Tong and Lei, 1987; Strenulagus
solaris Lopatin and Averianov, 2006.

Species: Strenulagus solaris Lopatin and Averianov, 2006
Type specimen. PIN 3403/304, the maxilla.
Dental characteristics. In comparison to Strenulagus shipigouensis, the tooth
crowns are lower, the upper cheek teeth are more curved, and the premolars are narrower
bucco-lingually with gently flattened lingual margin.
Age. Middle Eocene.
Type horizon and locality. Khaychin Gol Formation, Khaichin Ula III, Mongolia.
Other horizons and localities. Irdin Manha Formation in Irdin Manha and
Huheboerhe, Erlian Basin, Nei Mongol in China (Tong and Lei 1987; Fostowicz-Frelik et
al. 2015b).
Comments. Lopatin and Averianov (2006) separated Strenulagus solaris from
Strenulagus shipigouensis based on the larger size of the P3 and absence of the anterolabial
cusp of the P3 in Strenulagus solaris. A reexamination of those features by FostowiczFrelik et al. (2015b) suggested that both features can be explained by intraspecific
variability. The size of the P3 in both species overlaps and the anterolabial cusp is present
only in 25% of the individuals of Strenulagus shipigouensis , over 50% of Gobiolagus
aliwusuensis (Fostowicz-Frelik et al. 2012b), its presence is also variable in ‘Amphilagus’
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ulmensis (Tobien 1974) and it is present in the only known Gobiolagus lii individual
(Zhang et al. 2001). Thus, Fostowicz-Frelik et al. (2015b) proposed a new list of features
distinguishing Strenulagus solaris from Strenulagus shipigouensis, considering the height
of the tooth crowns, the curvature of the upper teeth, and their slenderness.

Genus: Desmatolagus Matthew and Granger, 1923
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M3/3. Unilateral
hypsodont upper cheek teeth. The P2 is small and trilobate. The P3 is unmolarized, but the
P4 is semimolarized. The P4 is the largest upper cheek tooth. The hypostriae are shallow,
the hypostriae of the M1-M2 are forming lakes. The crescents are present in P4–M2, but
disappear in strongly worn teeth. The postcingulum is absent. The M3 forms a single conid.
The upper cheek teeth (P3–M2) have two buccal roots connected to the shaft. The p3 is
bilobate, with distinctly smaller trigonid. The m3 is bilobate, but strongly reduced in
comparison to the m2. The hypoconulids are present in early wear stages, but lingual dental
bridges appear late. The lower cheek teeth (p4–m2) are singe or double rooted.
Comments. Matthew and Granger (1923) considered Desmatolagus as a
representative of Ochotonidae with the dental formula characteristic of Leporidae, but with
the P2, M3, p3, and m3 greatly reduced. This diagnosis and classification were later
commonly used by other authors (Bohlin 1942a; Sych 1975; Huang 1987). Burke (1941)
however, used Matthew and Granger (1923) diagnosis to create the subfamily
‘Desmatolaginae’ composed of Desmatolagus and possibly Amphilagus, inside Leporidae.
Later, Gureev (1960) extended this diagnosis with additional features: (1) the presence of
hypoconulids in the p4–m2, (2) small trilobate P2, (3) deep fold at the buccal margin of the
M2, and (4) p3 with one flexid. He classified Desmatolagus as a representative of
‘Palaeolaginae’ in the family ‘Palaeolagidae’, which later was accepted also by Erbajeva
and Sen (1998). However, other authors classified Desmatolagus in another subfamily of
‘Palaeolagidae’, ‘Desmatolaginae’ (Lopatin 1998; Erbajeva and Daxner-Höck 2014).
Desmatolagus is known from Central Asia: Oligocene Desmatolagus simplex
(Argyropulo, 1940), Miocene Desmatolagus kazachstanicus Bendukidze, 1993, Miocene
Desmatolagus turmeensis Bendukidze, 1993, Miocene Desmatolagus periaralicus
Lopatin, 1998, and also Miocene Desmatolagus veletus Lopatin, 1998; East Asia: Eocene
Desmatolagus ardynensis Burke, 1941 and ‘Desmatolagus’ vetustus Burke, 1941,
Oligocene Desmatolagus gobiensis Matthew and Granger, 1923, Desmatolagus robustus
Matthew and Granger, 1923, Desmatolagus radicidens Teilhard de Chardin, 1926,
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‘Desmatolagus’ pusillus Teilhard de Chardin, 1926, Desmatolagus parvidens Bohlin,
1937, Desmatolagus orlovi (Gureev, 1960), Desmatolagus chinensis Erbajeva and Sen,
1998, Desmatolagus youngi (Gureev, 1960), and Desmatolagus shargaltensis Bohlin,
1937; and North America: Eocene ‘Desmatolagus’ vusillus (Storer, 1984), Oligocene
‘Desmatolagus’ gazini Burke, 1936, and Miocene ‘Desmatolagus’ schizopterus Dawson,
1965. The large number of species results from the inclusive and poorly discriminating
diagnosis given for Desmatolagus by Matthew and Granger (1923). Thus, numerous
species of Desmatolagus may actually represent different genera. On the other hand, some
of the species indeed belonging to the genus Desmatolagus might have been established
based on individuals of different ontogenetic ages. A taxonomical revision and a study of
ontogenetic and intraspecific variability is necessary.
‘Desmatolagus’ vetustus was renamed to Procaprolagus vetustus by Gureev (1960),
however, the additional fossils which he described as Procaprolagus vetustus are now
considered to belong to Desmatolagus (Sych 1975; Huang 1986; Erbajeva and Sen 1998).
He distinguished Desmatolagus from Procaprolagus based on the absence of the
hypoconulids in the latter. However, strongly worn teeth of Desmatolagus also lack the
hypoconulids (Sych 1975; Huang 1987; Erbajeva and Sen 1998), so Sych (1975)
synonymized Procaprolagus vetustus, ‘Procaprolagus’ mongolicus, ‘Procaprolagus’
orlovi, and ‘Procaprolagus’ maximus as representatives of Desmatolagus gobiensis or
Desmatolagus robustus. Although Sych (1975) was right that the latter three had been
erected based on the mandibles of Desmatolagus gobiensis and Desmatolagus robustus
with strongly worn teeth, Procaprolagus vetustus differs from Desmatolagus spp. in having
persistent hypostriae and crescentic valley, as well as the lack of the hypoconulids (Storer
1984; Dawson 2008). Also North American, geologically older ‘Desmatolagus’ vusillus,
and younger, early Oligocene ‘Desmatolagus’ gazini were assigned to the genus
Procaprolagus by Storer (1984). Thus, herein Procaprolagus is recognized as the
Mongolian Procaprolagus vetustus and three North American species, which show more
distinct features in comparison to the species of Desmatolagus (low-crowned teeth,
persistent hypostriae and crescentic valley, lack of the hypoconulids). Nonetheless, the
species of Procaprolagus are tend to be again synonimized with Desmatolagus (Huang
1987; Erbajeva and Sen 1998; Meng et al. 2005; Erbajeva and Daxner-Höck 2014) mainly
because of the not well established diagnosis for Desmatolagus. Erbajeva and Daxner-Höck
(2014) distinguished ‘Desmatolagus’ cf. vetustus from the early Oligocene of Mongolia,
noting that ‘Desmatolagus’ cf. vetustus resembles the type material of ‘Desmatolagus’
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vetustus described by Burke (1941). In the description, the authors wrote that the specimens
referred to ‘Desmatolagus’ cf. vetustus have well-preserved hypoconulids of the p4–m2.
The upper P3–M2 are not described. However, the presence of the hypoconulids clearly
differentiates the ‘Desmatolagus’ cf. vetustus material described by Erbajeva and DaxnerHöck (2014) from the type of material of Procaprolagus vetustus and all other
Procaprolagus species. Therefore, it likely represents Desmatolagus gobiensis,
considering the size and the shape of the p3 presented in Erbajeva and Daxner-Höck (2014).
The taxonomical position of Desmatolagus ardynensis co-ocuring with Procaprolagus
vetustus is unclear, many similarities to Desmatolagus robustus were noticed (Meng et al.
2005), this species still need a revision.
Type species. Desmatolagus gobiensis Matthew and Granger, 1923.
Species included. Eocene Desmatolagus ardynensis Burke, 1941; Desmatolagus
chinensis Erbajeva and Sen, 1998; Desmatolagus gobiensis Matthew and Granger, 1923;
Desmatolagus kazachstanicus Bendukidze, 1993; Desmatolagus periaralicus Lopatin,
1998; Desmatolagus robustus Matthew and Granger, 1923; Desmatolagus shargaltensis
Bohlin, 1937; Desmatolagus simplex (Argyropulo, 1940); Desmatolagus turmeensis
Bendukidze, 1993; Desmatolagus veletus Lopatin, 1998.

Species: Desmatolagus gobiensis Matthew and Granger, 1923
Abbreviated synonymy.

Desmatolagus radicidens Teilhard de Chardin, 1926
Procaprolagus radicidens (Teilhard de Chardin,

1926)
Desmatolagus pusillus Teilhard de Chardin, 1926
Desmatolagus parvidens Bohlin, 1937
Procaprolagus mongolicus Gureev, 1960
Procaprolagus orlovi Gureev, 1960
Desmatolagus orlovi (Gureev, 1960)
Agispelagus simplex Gureev, 1960
Type specimen. AMNH 19103, right maxilla with the P2–M3.
Dental characteristics. Since the description of Desmatolagus, the main difference
between Desmatolagus gobiensis and Desmatolagus robustus is considered to be their size
(Matthew and Granger 1923). Gureev (1960) also points out that the hypostria of the M2
is better developed in Desmatolagus gobiensis than in Desmatolagus robustus, however,
this feature also depends on the stage of wear of the teeth. The present author noticed that
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Desmatolagus gobiensis, in contrast to Desmatolagus robustus, has the following
characters: premolar foramen present; P3 always non-molarized, even in strongly worn
teeth; p4–m2 double rooted; distal end of the lower incisor reaching farther back, under the
m2; posterior mental foramen also more distally positioned, under the m1 or m2; and the
posterior margin of the incisive foramen located farther back. The trigonid of the p3
distinctly smaller than the talonid in contrast to Desmatolagus shargaltensis.
Age. Oligocene.
Type horizon and locality. Hsanda Gol Formation, Loh, Mongolia.
Other horizons and localities. Many localities in Mongolia (Sych 1975; Erbajeva
and Daxner-Höck 2014).
Comments. Sych (1975) considered the features characteristic of Desmatolagus
‘radicidens’, ‘Desmatolagus pusillus’, Desmatolagus ‘parvidens’, Desmatolagus
shargaltensis, ‘Procaprolagus mongolicus’, Procaprolagus ‘vetustus’, ‘Procaprolagus
orlovi’, and Sinolagomys ‘tatalgolicus’ to be wear dependent. As it was described above,
Procaprolagus is now a valid genus (Storer 1984), however, the material described by
Gureev (1960) in fact belongs to Desmatolagus gobiensis. The three Procaprolagus
species: ‘Procaprolagus orlovi’, ‘Procaprolagus mongolicus’, and ‘Procaprolagus
radicidens’ (initially described in the genus Desmatolagus and subsequently reassessed by
de Muizon (1977)) appeared to be adult Desmatolagus gobiensis lacking the hypoconulids
(Sych 1975; Huang 1986; Erbajeva and Sen 1998). ‘Procaprolagus orlovi’ was later
renamed to ‘Desmatolagus orlovi’ (Erbajeva 2007; Erbajeva and Daxner-Höck 2014).
However, the type material of this species (Gureev 1960), as well as the description given
by Erbajeva and Daxner-Höck (2014) fits Desmatolagus gobiensis individuals with worn
teeth, as already noticed by Sych (1975). It is similar to Desmatolagus ‘radicidens’ and
Desmatolagus ‘parvidens’ the former is represented by an individual with strongly worn
teeth, and the latter by a juvenile (Sych 1975).
The diagnosis provided by Teilhard de Chardin (1926) for Desmatolagus pusillus
is, as follows: smaller size than Desmatolagus gobiensis, lack of crescents in the upper
cheek teeth, and wide p3. Those features were considered by Sych (1975) as
ontogenetically variable. However, Huang (1987) reinstated Desmatolagus pusillus, but it
was moved to Bohlinotona pusilla by de Muizon (1977) and Erbajeva and Sen (1998).
Herein, those species are referred to Bohlinotona pusilla and described in more detail
below.
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The drawing of Sinolagomys tatalgolicus in Gureev (1960) showing the structure
of the p3 in fact resembles the p3 of Sinolagomys spp. (see Erbajeva et al. 2017) rather than
Desmatolagus spp. Thus, it cannot represent an ontogenetical stage of Desmatolagus
gobiensis, as suggested by Sych (1975). A sole picture of the mandible, however, is not
enough to assign the specimen to the genus Sinolagomys and, according to Erbajeva et al.
(2017), Sinolagomys tatalgolicus remains valid.
Desmatolagus shargaltensis is herein considered as valid and described below.

Species: Desmatolagus robustus Matthew and Granger, 1923
Abbreviated synonymy.

Procaprolagus maximus Gureev, 1960
Agispelagus youngi Gureev, 1960
Desmatolagus youngi (Gureev, 1960)

Type specimen. AMNH 19116, right mandible with the p3–m3.
Dental characteristics. Desmatolagus robustus lacks the premolar foramen, its P3
is semimolarized, the p4–m2 are single-rooted, distal end of the lower incisor ends below
the p3, posterior mental foramen is positioned anteriorly, and posterior margin of the
incisive foramen is placed close to the P2/P3 alveoli.
Age. Oligocene.
Type horizon and locality. Hsanda Gol Formation, Loh, Mongolia.
Other horizons and localities. Other Oligocene localities in Mongolia (Sych 1975;
Erbajeva and Daxner-Höck 2014).
Comments. Sych (1975) considered ‘Agispelagus youngi’ and ‘Procaprolagus
maximus’ Gureev 1960 to be junior synonyms of Desmatolagus robustus. Erbajeva and
Daxner-Höck (2014) renamed ‘Agispelagus youngi’ to Desmatolagus ‘youngi’ and
described a new material under this name. However, the dental characters for
Desmatolagus robustus and Desmatolagus ‘youngi’ listed in Erbajeva and Daxner-Höck
(2014) are the same: (1) large and robust teeth; (2) partially hypsodont upper teeth with one
main root and two smaller ones; (3) P3 of variable shape with short anteroloph (= lingual
lobe); (4) rectangular P4–M2 with shallow hypostriae; (5) triangular p3; and (6) robust p4–
m2. Thus, because there are no diagnostic differences between Desmatolagus ‘youngi’ and
Desmatolagus robustus, the material described by Erbajeva and Daxner-Höck (2014) as
Desmatolagus ‘youngi’ is considered here to represent Desmatolagus robustus (Figure A2).
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Figure A2. A. Desmatolagus robustus (ZPAL MgM–III/79/53, left) and B. Desmatolagus ‘youngi’ (NHMW
2011/0209/0014, right). In both specimens the trigonid of the p3 is much narrower than the talonid, and the lower cheek
teeth are larger and more robust than in other Desmatolagus spp. Scale: 1 mm.

Species: Desmatolagus shargaltensis Bohlin, 1937
Type specimen. Specimen Sh. 177 in Bohlin (1937), incomplete maxillae with the
P4–M2.
Dental characteristics. Smaller than Desmatolagus gobiensis. The p3 is triangular,
but the trigonid is bigger than the talonid, in contrast to other Desmatolagus species. The
buccal margin of the p3 is straight.
Age. Late Oligocene.
Type horizon and locality. Shargaltein–Gol, Kansu, China.
Other horizons and localities. Unzing Khurem (Erbajeva and Daxner-Höck 2014),
Loh and Khatan Khayrkhan, herein.
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Comments.
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Figure A3. Comparison of A. Desmatolagus shargaltensis (ZPAL
MgM–III/80/03A, left) and B. Desmatolagus gobiensis (ZPAL
MgM–III/79/91A, right). Scale bar: 1mm.

of similar age shows that Desmatolagus shargaltensis indeed has a much larger trigonid of
the p3 than Desmatolagus gobiensis (Figure A3), moreover, the hypoconulids in younger
individuals are less prominent than in young Desmatolagus gobiensis. Thus, Desmatolagus
shargaltensis seems to be a valid species of Desmatolagus.

Species: Desmatolagus simplex (Argyropulo, 1940)
Abbreviated synonymy.

Agispelagus simplex Argyropulo, 1940.

Type specimen. Not designated by Argyropulo (1940). The lectotype was designed
by Gureev (1960): PIN 210/609, right maxilla with P3–M2.
Dental characteristics. The p3 with cingulum. Lopatin (1998) also noticed that
Desmatolagus simplex has reduced hypoconulids and roots of the P4–M2 and p4–m1 in
contrast to Desmatolagus gobiensis, Desmatolagus shargaltensis, Desmatolagus robustus,
Desmatolagus kazachstanicus, Desmatolagus turmeensis, and Desmatolagus ardynensis.
Age. Early Oligocene–early Miocene.
Type horizon and locality. Aral Formation, Akespe, North Aral Region,
Kazakhstan.
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Other horizons and localities. Early Oligocene: Uncheltseg, Mongolia; late
Oligocene: Taatsin Gol, Mongolia (Erbajeva and Daxner-Höck 2014) – possibly, identified
as Desmatolagus cf. simplex); Oligocene of Loh, Khatan Khayrkhan, and Tatl Gol in
Mongolia, described herein.
Comments. Argyropulo (1940) only reported
the presence of the ‘ochotonid-like’ Desmatolagus
(‘Agispelagus’ sensu Argyropulo 1940) simplex
similar to Desmatolagus without any description of
the fossil material. Then, Gureev (1960) designated
the lectotype from the Argyropulo collection,
described new material of ‘Agispelagus’ simplex form
Mongolia, and created a family ‘Agispelaginae’
characterized by the presence of the hypoconulids on
the p4–m2, narrow pointed trigonids, and deep
hypostriae. However, the material from Tatal Gol
described by Gureev (1960) was later referred to
Desmatolagus gobiensis (Lopatin 1998), because
those teeth were identified as strongly worn teeth of

Figure A4. Desmatolagus simplex (ZPAL

Desmatolagus gobiensis. Lopatin (1998) pointed out

MgD–III/82–08) from Mongolia. Arrow is

that ‘Agispelagus’ simplex from the Aral region has

pointing at the cingulum. Scale: 1mm.

advanced features present also in the latest Desmatolagus species (Desmatolagus
shargaltensis, Desmatolagus kazachstanicus, and Desmatolagus turmeensis), such as:
deeper hypostriae, presence of cement, reduced hypoconulids, and reduced roots. For that
reason, he decided to synonymize ‘Agispelagus’ with Desmatolagus. He also concluded
that the occurrence of Desmatolagus simplex is restricted to the early Miocene of the Aral
Region. However, Erbajeva and Daxner-Höck (2014) identified some lagomorph fossils
from Mongolia as belonging to Desmatolagus cf. simplex, because of the presence of the
cingulum on the p3 and similar tooth size. In the material described by Sych (1975) as
Desmatolagus gobiensis, a few individuals were recognized with the cingulum on the p3
and classified as Desmatolagus simplex (Figure A4).
It appears that species of Desmatolagus–type lagomorphs lived in the Aral region
in the Miocene. However, the presence of the p3 with cingulum, reduced roots of the upper
and lower cheek teeth, reduced hypoconulids, and deeper hypostriae at least in
Desmatolagus simplex, Desmatolagus periaralicus, Desmatolagus kazachstanicus, and
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Desmatolagus turmeensis, put into question their assignment to the genus Desmatolagus,
which is characterized by rooted teeth, absence of the cingulum, reduction of the
hypoconulids and the presence of a deeper hypostria. The validity of each of the species
needs to be revised as well, because the size differences between Desmatolagus simplex,
Desmatolagus kazachstanicus, and Desmatolagus turmeensis may be dependent on the
wear stage of the teeth. Bendukidze et al. (2009) argue that Desmatolagus periaralicus has
a size similar to Desmatolagus kazachstanicus, differing only in shallower mesoflexus of
the P3, a variable feature in Desmatolagus (Sych 1975). The features of those five
‘Desmatolagus’ species imply that they as well may belong to a single advanced species of
Desmatolagus or that the differences between them and other Desmatolagus species justify
distinguishing them at the generic level. If so, the ‘desmatolagins’ of the Aral Region
should be assigned to Agispelagus.
The lower Miocene ‘Desmatolagus’ veletus was also described from the Aral
region, originally as Amphilagus aff. robustus (Bendukidze et al. 2009), and shows similar
features to ‘Amphilagus’ magnus and ‘Amphilagus’ orientalis from Mongolia. The p3 is
similar in shape to ‘Amphilagus’ spp., the width of the trigonid is similar to the talonid, the
hypoconluids are massive, lower cheek teeth are double rooted, and the crescent is present
even in strongly worn teeth. Bendukidze et al. (2009) pointed out that ‘Desmatolagus’
veletus is similar to Desmatolagus robustus in the robustness of the teeth, however, they
also noted that it has many similarities to Amphilagus antiquus.
None of the species from the Aral Region was available for the present author to
study, however, it would be worth to revise them. The specimens of Desmatolagus simplex
included in this work are from Mongolia only.

Genus: Mytonolagus Burke, 1934
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M3/3. Cheek teeth lowcrowned. Trilobate P2. The P3 non-molarized, the P4 semimolarized. The P4 is the largest
upper tooth. The hypostriae of the upper premolars are shallow, but deeper and closed,
forming lakes, in the upper molars. Crescents are present. The M3 forms a single conid.
The postcingulum is absent. The P3–P4 with shallow hypostriae, The M1 is the largest
upper tooth. The P3 and P4 with one or two buccal roots, the M1 and M2 always have two
buccal roots. The p3 is bilobate, the trigonid merged with the talonid lingually. The m3 is
bilobate. The hypoconulids are present in early stages of wear. The lingual dental bridges
are absent. The p4–m2 are double rooted.
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Comments. Dawson (1958) proposed Mytonolagus as an ancestor of both the
Ochotonidae and Leporidae. However, in the same work she classified it as a member of
Leopidae in the subfamily ‘Palaeolaginae’. Other authors follow this classification, eg.
Dawson (2008), Fostowicz-Frelik and Tabrum (2009). Mytonolagus was proposed as
ancestral to Megalagus (Dawson 1958), the sister taxon to Palaeolagus (Dawson 2008), or
ancestral to both Palaeolagus and Megalagus (Fostowicz-Frelik and Tabrum 2009).
Type species. Mytonolagus petersoni Burke, 1934.
Species included. Mytonolagus ashcrafti Fostowicz-Frelik and Tabrum, 2009;
Mytonolagus petersoni Burke, 1934; Mytonolagus wyomingensis Wood, 1949.

Species: Mytonolagus ashcrafti Fostowicz-Frelik and Tabrum, 2009
Type specimen. CM 71469, fragmentary right mandible with the p3–m3.
Dental characteristics. The tooth crowns higher than in Mytonolagus petersoni and
Mytonolagus aff. petersoni, similar to Mytonolagus wyomingensis. The hypostriae are less
persistent on the upper molars, anteroloph of the P3 is shorter, buccal reentrant on the p3
is deeper and more persistent than the lingual reentrant in comparison to Mytonolagus
wyomingensis.
Age. Late middle Eocene.
Type horizon and locality. Climbing Arrow Member, Renova Formation,
Locality 3517, Diamond O Ranch No. 1, Beaverhead County, Montana, U.S.A.
Other horizons and localities. Diamond O Ranch No. 1, Diamond O Ranch Big
Tapir, and Diamond O Ranch Black Rabbit, Montana, U.S.A (Fostowicz-Frelik and
Tabrum 2009).
Comments. The species was described based on material previously identified as
Palaeolagus temondon (Hoffman 1972) and Megalagus? sp. nov. (Tabrum et al. 1996).

Species: Mytonolagus aff. petersoni
Described specimen. The material includes 191 teeth, 10 maxillae, and 4 mandibles
housed in CM, UCM, and USNM (Dawson 1970).
Dental characteristics. Lower tooth crowns in comparison to other Mytonolagus
species, the P3 and P4 with one robust rootlet, hypostriae of the M1 and M2 weakly marked.
Age. Late Eocene.
Type horizon and localities. Locality 5, 6, and 7 Badwater Creek, California,
U.S.A.
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Other horizons and localities. Comments. Mytonolagus petersoni is known from the Uintan, Duchesnean and the
Uinta Basin. Dawson (1970) described more complete lagomorph fossils found in
Badwater Creek (Burke 1934; Dawson 1958) as Mytonolagus near Mytonolagus petersoni,
but refrained from establishment of a new specific name. Here, this naming scheme is
standardized to Mytonolagus aff. petersoni. It differs from Mytonolagus petersoni in having
deeper hypofexus of the upper molars, deeper lingual fold between the trigonid and talonid
of the lower molars, and more crescentic shape of the central lobe (Dawson 1970). Both
Mytonolagus petersoni and Mytonolagus aff. petersoni have lower crowned teeth, present
buccal roots of M3, and lower premolars with separate roots, in contrast to the more
advanced Mytonolagus wyomingensis and Mytonolagus ashcrafti (Fostowicz-Frelik and
Tabrum 2009). The exact relationships between those forms were not studied yet. Dawson
(1970) concluded that Mytonolagus aff. petersoni is very similar to Mytonolagus petersoni,
but also shows more advanced features than the latter. She noted, however, that the form
from Badwater Creek cannot be compared in most aspects with Mytonolagus petersoni due
to limited overlap between the preserved specimens of Mytonolagus petersoni and
Mytonolagus aff. petersoni. Because the latter shows more advanced features than
Mytonolagus petersoni, it is likely that it indeed represents a new species. However, a
phylogenetic study needs to be done here to resolve this problem.

Genus: Megalagus Walker, 1931
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M3/3. Cheek teeth lowcrowned. The P2 is trilobate. The P3–P4 are semimolarized. The P4 is the largest upper
tooth. The hypostriae are shallow in the P3–P4, but deeper and closing into lakes in the
M1–M2. Crescents are present. The M3 forms a single conid. The P3–M2 with two buccal
roots. The p3 is bilobate. The m3 is similar in size to m2. The m3 is bilobate, but in late
wear stages the trigonid and talonid of the m3 merge together. The hypoconulids are present
at early stages of wear. The lingual dental bridges appear in late stages of wear. The p4–
m2 are double rooted.
Comments. The type species was previously described as Palaeolagus turgidus
Cope, 1873. Walker (1931) separated Megalagus from Palaeolagus, but Burke (1934,
1936) proposed two Palaeolagus groups: the turgidus group (including Palaeolagus
turgidus, Palaeolagus brachyodon, and Palaeolagus intermedius) and the haydeni group
with the remaining Palaeolagus species (Palaeolagus haydeni, Palaeolagus temnodon, and
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Palaeolagus agapetillus Cope 1873). Wood (1940) considered the taxa of the turgidus
group as representatives of the genus Megalagus with the exception of Palaeolagus
intermedius, which is recognized as a species of Palaeolagus. Megalagus was considered
to be a member of ‘Megalaginae’ (Walker 1931), however, now it is considered by most
authors to be a member of the subfamily ‘Palaeolaginae’, inside the Leporidae (Dawson
1958, 2008).
Type species. Palaeolagus turgidus Cope, 1873.
Species included. Megalagus abaconis Hayes, 2000; Megalagus brachyodon
(Matthew, 1903); Megalagus primitivus (Schlaikjer, 1935); Megalagus turgidus (Cope
,1873).

Species: Megalagus turgidus (Cope, 1873)
Abbreviated synonymy.

Palaeolagus triplex Cope, 1873
Tricium paniense Cope, 1873
Palaeolagus turgidus Cope, 1873.

Type specimen. AMNH 5635, fragmentary left mandible with broken incisor and
the p3–m3.
Dental characteristics. Upper cheek teeth more hypsodont and the internal
hypostriae less persistent than in Megalagus brachyodon. The hypostriae of the upper
molars less persistent than in Megalagus primitivus.
Age. Middle–late late Oligocene.
Type horizon and locality. Cedar Creek Beds, White River Formation, Colorado,
U.S.A.
Other localities and horizons: Orella Member, Brule Formation, Sioux County,
Nebraska, U.S.A. and Whitney Member, Brule Formation, Sioux County, Nebraska, U.S.A
(Dawson 1958).

Species: Megalagus brachyodon (Matthew, 1903)
Abbreviated synonymy:

Palaeolagus brachyodon Matthew, 1903
Desmatolagus dicei Burke, 1936
Montanolagus dicei (Burke, 1936).

Type specimen. AMNH 9652, left maxilla with the P2–M2.
Dental characteristics. The cheek teeth lower-crowned and the P3–P4 less
molariform than in other Megalagus species.
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Age. early Oligocene.
Type horizon and locality. Titanotherium Beds, Pipestone Springs, Montana,
U.S.A.
Other horizons and localities. Cypress Hills, Saskatchewan, Canada (Dawson
1958).

Genus: Chadrolagus Gawne, 1978
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M3/3. Cheek teeth
hypsodont. The P2 is bilobate. The P3 is semimolarized, the P4 is molariform. The P4 is
the biggest upper tooth. The hypostriae are reaching about ⅓ of the upper teeth width and
are persistent, not forming hypostrial lakes. Crescents are present but vanishing in late
stages of wear. The M3 is a single conid, the p3 is bilobate, the trigonid merges with the
talonid buccally in late stages of wear. The m3 is bilobate, also merging buccally. The
hypoconulids are present in early stages of wear. The lingual dental bridges appear late.
Comments. Chadrolagus emryi is the earliest fully hypsodont lagomorph
(Fostowicz-Frelik 2013). Chadrolagus is currently monospecific.
Type species. Chadrolagus emryi Gawne, 1978.

Chadrolagus emryi Gawne, 1978
Type specimen. AMNH F:AM 99106, partial skull.
Dental characteristics. As for the genus.
Age. Late Eocene.
Type horizon and locality. Flagstaff Rim area, Natrona County, Wyoming, U.S.A.
Other horizons and localities. White River Formation in the Flagstaff Rim area,
Wyoming, McCarty’s Mountain (Renova Formation), Little Spring Gulch (Cook Ranch
Formation), and 10N (Dunbar Creek Formation), Montana, U.S.A. (Fostowicz-Frelik
2013).

Genus: Litolagus Dawson, 1958
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M3/3. Cheek teeth
hypsodont. The P2 is bilobate. The upper premolars are molariform. The P4–M1 are the
biggest upper cheek teeth. The hypostriae have similar depth (⅓ of the teeth width) and do
not form hypostrial lakes. The M3 forms a single conid. The p3 is bilobate, with shallow
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hypoflexid. The hypoconulids are absent, but enamel dental bridges are formed in early
wear stages.
Comments. Litolagus molidens was considered the earliest representative of the
Leporidae (Fostowicz-Frelik 2013). Litolagus is currently monospecific.
Type species. Litolagus molidens Dawson, 1958.

Species: Litolagus molidens Dawson, 1958
Type specimen. LACM (CIT) 1568, partial skull, mandibles, and associated
postcranial skeleton.
Dental characteristics. As for the genus.
Age. Late Eocene–early Oligocene.
Type horizon and locality. Lower nodular layer of the ‘Oreodon Beds,’ Douglas
area, Converse County, Wyoming, U.S.A.
Other horizons and localities. Reno Ranch S of Tower, 5 mi SE of Douglas and
Hermann Wulff Ranch, 3.5 mi SE of Douglas, ?SE Seaman Hills, 16–20 mi north of Lusk,
Niobrara County, U.S.A. (Fostowicz-Frelik 2013)

Genus: Palaeolagus Leidy, 1856
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M3/3. Cheek teeth more
hypsodont than in Mytonolagus or Megalagus. The P2 changes during wear from trilobate
to bilobate. The P3–P4 are molariform. The P3–M2 similar in size in most of the species.
The hypostriae are shallow, form the hypostrial lakes. The hypostriae/hypostrial lakes and
crescents retained longer on premolars than on molars. The M3 is a single conid. Two, one,
or no buccal roots can be present in the upper P3–M2, depending on the species, but in
some species this number may be subject to intraspecific variability. The p3 is bilobate, the
trigonid connects to the talonid buccaly later during wear. The m3 is bilobate but the lobes
merge buccally during wear. The hypoconulids are present in early stages of wear. The
lingual dental bridges are present in most of the species. Double or single rooted lower
cheek teeth, depending on the species.
Comments. The genus Palaeolagus is widespread in North America, so the
characterization of this genus is very general. Dawson (1958) (later expanded by Dawson
(2008)) proposed to divide Paleolagus into three groups containing species closely related
to each other, an idea proposed earlier by Burke (1934) for Palaeolagus species but also
for Megalagus spp., at that time considered to belong to the genus Palaeolagus. The first
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group includes Palaeolagus primus, Palaeolagus temnodon, and Palaeolagus haydeni
(Oligocene). Those species represent the plesiomorphic features: more persistent crescents,
mesoflexid (=internal reentrant) on the p3 retained as mesofossettid (=isolated lakes),
presence of the lingual bridge between the trigonid and talonid of the lower cheek teeth.
Emry and Gawne (1986) proposed that this Palaeolagus group might have originated from
Mytonolagus. The second group is represented by ‘Palaeolagus’ burkei and ‘Palaeolagus’
hypsodus (middle Oligocene–early Miocene). It is characterized by deep and persistent
hypostriae on the P4–M2, crescentic valley on the P3 which is open buccally, persistence
of the mesoflexid on the p3, and lingual dental bridges on the P4–M2 present throughout
most of the wear stages. The last group is composed of Palaeolagus intermedius and
‘Palaeolagus’ philoi (middle Oligocene–early Miocene). In those species the hypostriae on
the premolars are shallow but deep and persistent in the molars, the mesoflexid on the p3
is lost early, and the lingual dental bridge appears late.
Type species. Palaeolagus haydeni Leidy, 1856.
Species included. Palaeolagus haydeni Leidy, 1856; Palaeolagus intermedius
Matthew, 1899; Palaeolagus primus Emry and Gawne, 1986; Palaeolagus temnodon
Douglass, 1902.

Species: Palaeolagus haydeni Leidy, 1856
Abbreviated synonymy.

Tricium avunculus Cope, 1873
Tricium leporinum Cope, 1873
Palaeolagus agapetillus Cope, 1873
Archaeolagus striatus Walker, 1931
Protolagus affinus Walker, 1931.

Type specimen. ANSP 11031, mandible with right p3–m3 (lectotype).
Dental characteristics. Higher-crowned cheek teeth, crescents on the P3–M2
quickly vanishing. The hypostriae close late during wear. The internal hypoflexid of the p3
lasts longer throughout wear than in other Palaeolagus spp.
Age. Middle to early late Oligocene.
Type horizon and locality. Turtle Bed, head of Bear Creek, Nebraska, U.S.A.
Other horizons and localities. Orella Member, Brule Formation, Sioux and Scotts
Bluff counties, Nebraska, U.S.A. and Whitney Member, Brule Formation, Sioux County,
Nebraska, U.S.A. (Dawson 1958).
Comments. One of the best known Palaeolagus species.
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Species: Palaeolagus intermedius Matthew, 1899
Type specimen. AMNH 8722, skull with upper dentition.
Dental characteristics. Hypsodont teeth, the crescent is present longer on the P3–
P4 than on the M1–M2, but in strongly worn teeth it vanishes in all upper teeth. Deep and
persistent hypostriae without the hypostrial lakes. The internal hypoflexid of the p3 is lost
in early stages of wear.
Age. Middle to early late Oligocene.
Type horizon and locality. ‘Oreodon Beds’, White River Formation, Castle Rock,
Logan County, Colorado, U.S.A.
Other horizons and localities. Orella Member, Brule Formation, Sioux County,
Nebraska, U.S.A. and Whitney Member, Brule Formation, Sioux County, Nebraska,
U.S.A. (Dawson 1958).
Comments. The lower cheek teeth are similar to those of Megalagus spp., but they
are smaller and more hypsodont (Dawson 1958).

Species: Palaeolagus temnodon Douglass, 1902
Type specimen. CM 725a, right maxilla with the P2–M3 (lectotype).
Dental characteristics. Cheek teeth low-crowned, more persistent buccal lobe of
the P2, premolars not fully molarized, crescents on the P3–M2 vanish late during wear. The
internal hypoflexid of the p3 is lost in strongly worn teeth.
Age. Early Oligocene.
Type horizon and locality. Pipestone Springs, Montana, U.S.A.
Other horizons and localities. Three Forks, Montana; Cypress Hills,
Saskatchewan, Canada (Dawson 1958).
Comments. It was proposed that Palaeolagus temnodon is closely related to
Palaeolagus haydeni (Wood 1940; Dawson 1958).

Genus: Ordolagus (de Muizon, 1977)
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M3/3. Cheek teeth are
hypsodont. The P2 is bilobate. The P3-P4 are molarized. The M1 is the largest upper cheek
tooth. The hypostriae are shallow. Younger individuals have remains of a crescent in the
P3–M2. The M3 forms a single conid. The p3 is bilobate. The m3 consists of two columns
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separated by a narrow labial groove. The m3 is the smallest tooth of the row. The
hypoconulids are absent. The lingual dental bridges are present.
Comments. Previously described as Gobiolagus (?) teilhardi Burke 1941 based on
a jaw fragment with broken p3 and p4–m1. In general, the lower cheek teeth are similar to
Gobiolagus in size and morphology. However, the p4 is not pear–shaped, and the p3 does
not have a shallow hypoflexid and paraflexid, which do occur in Gobiolagus species.
Additional jaw material permitted de Muizon (1977) to separate Gobiolagus (?) teilhardi
from other Gobiolagus species and refer it to a new genus Ordolagus. He noticed that
Ordolagus teilhardi in contrast to the species of Gobiolagus has rootles cheek teeth, deeper
mandible, m3 oblique to the tooth row, and a distinct posterior projection of p4–m3.
Additional jaws and previously unknown maxillae material of this species were described
by Huang (1986) who also noted that all the known material was found in the deposits of
the middle Oligocene. However, Erbajeva and Daxner-Höck (2014) extended the temporal
range of Ordolagus to early–late Oligocene in Mongolia.
Burke (1941) incorporated Ordolagus into the family Leporidae and the subfamily
Mytonalaginae which he created and which included also Mytonolagus, Shamolagus, and
Gobiolagus. de Muizon (1977) classified Ordolagus in the family Leporidae, subfamily
Palaeolaginae, characterized by fully hypsodont teeth, P3 with one ‘groove’ (meaning the
hypofleixid), P4–M2 compressed antero-posteriorly, presence of bridges between the
trigonid and talonid of the p4–m2, and one groove on the m3. Later, Huang (1986)
classified Ordolagus as a member of Leporidae, because of fully molariform P3 and the
presence of lingual dental bridges between the trigonid and talonid of the p4–m3. This
classification was later used also by other authors (Erbajeva 2007; Erbajeva and DaxnerHöck 2014; Daxner-Höck et al. 2017).
Type species. Gobiolagus teilhardi Burke, 1941.
Species included. Ordolagus teilhardi (Burke, 1941)

Species: Ordolagus teilhardi (Burke, 1941)
Abbreviated synonymy.

Gobiolagus teilhardi Burke, 1941.

Type specimen. AMNH 20236, left fragmentary mandible with broken incisor,
base of the p3, and the p4–m1.
Dental characteristics. As for the genus.
Age. Oligocene.
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Type horizon and locality. Hsanda Gol Red Beds, ten miles West of Loch, Inner
Mongolia, China (Burke 1941).
Other horizons and localities. Ulantatal and Shanshenggong, Western Inner
Mongolia, China (Huang 1986); Tatal Gol, Hsanda Gol, Ikh Argalatyn Nuruu, Toglorhoi
and Del, Mongolia (Erbajeva and Daxner-Höck 2014).
Comments. The material described by Erbajeva and Daxner-Höck (2014) and
included in this dissertation was identified as that of Ordolagus cf. teilhardi. All the
material listed below in detail, bears features consistent with the features diagnostic for
Ordolagus teilhardi. Remarks of Erbajeva and Daxner-Höck (2014) about the different p3
shapes expressed in variable anterior margin, were also mentioned by Huang (1986) as
present in some specimens of Ordolagus teilhardi from Ulantatal and concluded as
dependent on the wear stage. Therefore, because the specimens from Mongolia share all
the diagnostic features described by Huang (1986) and listed above in the characteristics
section, in this work the specimens described by Erbajeva and Daxner-Höck (2014) as
Ordolagus cf. teilhardi are identified as Ordolagus teilhardi.

Family: Leporidae Fischer von Waldheim, 1817

Genus: Hypolagus Dice, 1917
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M3/3. All cheek teeth are
hypsodont. The P2 is bilobate. The upper cheek teeth (P3–M2) are similar in size and fully
molarized with deep, crenulated hypostriae, reaching more than half of the tooth width. The
M3 is a single conid. The p3 is bilobate, with small anteroloph. The m3 is bilobate. The
hypoconulids are absent, the lingual dental bridges are present.
Comments. Dice (1917) described Hypolagus on the basis of North American
fossils. The European Hypolagus fossils found in Betfia 2 (Romania) were described by
Kormos (1930) as Oryctolagus beremendensis and Lepus brachygnathus. Later, Kormos
(1934) analyzed new fossils from Villany 3 (Hungary) and decided to move Oryctolagus
beremendensis to the genus Pliolagus as Pliolagus beremendensis, and Lepus
brachygnathus to Hypolagus as Hypolagus brachygnathus. Kretzoi (1941) revised the
material from Betfia and found three species in this material: Lepus sp., Pliolagus tothi,
and Hypolagus brachygnathus recombined by him as Lagotherium brachygnathum
because he concluded Hypolagus to be restricted to North America and Lagotherium was
already described from France (Croizet 1828). Later, Kretzoi (1956) synonymized
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Lagotherium with Hypolagus and moved the species to the latter genus, creating the
combination Hypolagus beremendensis. However, Sych (1965) considered those fossils to
represent Hypolagus brachygnathus and proposed that Pliolagus is a junior synonym of
Hypolagus. Fladerer and Reiner (1996) proposed that the Central European Hypolagus was
represented by two chronosubspecies: Hypolagus beremendensis beremendensis and
Hypolagus beremendensis brachygnathus. However, later revisions confirmed the presence
of two coexisting Hypolagus species: Hypolagus beremendensis and Hypolagus
brachygnathus (Fladerer and Fiore 2003; Fostowicz-Frelik 2007a). Hypolagus is widely
considered as a member of the subfamily Archaeolaginae Dice, 1929, e.g., by White (1987),
Fostowicz-Frelik (2007a), Dawson (2008), and Čermák (2009).
Type species. Lepus vetus Kellogg, 1910.
Species included. Hypolagus apachensis Gazin, 1970; Hypolagus arizonensis
Downey, 1962; Hypolagus balearicus Quintana et al., 2010; Hypolagus beremendensis
(Petényi, 1864); Hypolagus brachygnathus (Kormos, 1934); Hypolagus browni (Hay,
1921); Hypolagus edensis Frick, 1921; Hypolagus fanchangensis Jin and Xu, 2009;
Hypolagus fontinalis Dawson, 1958; Hypolagus furlongi Gazin, 1934; Hypolagus gidleyi
White, 1987; Hypolagus giganteus (Brown, 1908); Hypolagus igromovi Gureev, 1964;
Hypolagus limnetus Gazin, 1934; Hypolagus mazegouensis Wu and Flynn, 2017;
Hypolagus mexicanus Miller and Carranza-Castañeda, 1982; Hypolagus multiplicatus
(Erbajeva, 1976 (in Bazarov. et al. 1976)); Hypolagus oregonensis Shotwell, 1956;
Hypolagus parviplicatus Dawson, 1958; Hypolagus peregrinus Fladerer and Fiore, 2003;
Hypolagus petenyii Čermák, 2009; Hypolagus regalis Hibbard, 1939; Hypolagus
ringoldensis Gustafson, 1978; Hypolagus schreuderae Teilhard de Chardin, 1940;
Hypolagus tedfordi White, 1987; Hypolagus transbaicalicus (Erbajeva, 1976 (in Bazarov.
et al. 1976)); Hypolagus vetus (Kellogg, 1910); Hypolagus voorhiesi White, 1987.

Species: Hypolagus beremendensis (Kormos, 1930)
Abbreviated synonymy.

Oryctolagus beremendensis (Kormos, 1930)
Pliolagus beremendensis (Kormos, 1934)
Pliolagus tothi Kretzoi, 1941
Lagotherium beremendensis Kretzoi, 1956.

Type specimen. MAFI Ob. 3691, fragmentary skull.
Dental characteristics. The p3 is triangular, with narrow pointed anterior part of
the trigonid, and angular internal side of the talonid. The lingual lobe of the P2 is smooth.
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Age. Early Pliocene–early Pleistocene.
Type horizon and locality. Villány 3, Hungary.
Other horizons and localities. Many localities in Poland, Czech Republic,
Slovakia, Austria, and Hungary (Fostowicz-Frelik 2007a; Čermák 2009).
Comments. Despite the fact that Kretzoi (1956) synonymized Hypolagus
brachygnathus (Lagotherium brachygnathum) with Hypolagus beremendensis which he
attributed to Petényi (1864). Petényi (1864) does not provide the name or definition for
Hypolagus beremendensis. Therefore, the author of this specific name should be Kormos
(1930) with the name and definition for Oryctolagus beremendensis, as noticed by
Fostowicz-Frelik (2007a).
Species: Hypolagus brachygnathus (Petényi, 1864)
Abbreviated synonymy.

Lepus brachygnathus (Kormos, 1930)
Lagotherium brachygnathum Kretzoi, 1941.

Type specimen. MAFI Ob. 3689, left mandible with the p3–m3 (neotype).
Dental characteristics. The p3 is trapezoidal, with broad anterior part of the
trigonid and rounded internal margin. A shallow groove is present on the lingual lobe of
the P2.
Age. Late Pliocene–middle Pleistocene.
Type horizon and locality. Villány 3, Hungary.
Other horizons and localities. Many localities in Poland, Czech Republic,
Slovakia, Austria, and Hungary (Fostowicz-Frelik 2007a; Čermák 2009).
Comments. Larger and more cursorial than the cooccurring Hypolagus
beremendensis (Fostowicz-Frelik 2007a, b; Čermák 2009).

Family: Ochotonidae Thomas, 1897

Genus: Amphilagus Pomel, 1853
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M2(3)/3. The cheek teeth
are semihypsodont. Trilobate P2. The P3 is non-molarized, the P4 is semimolarized. The
M1 or the P4 are the biggest upper cheek teeth. The hypostriae are shallow, ¼ of the teeth
width and form lakes only in the upper molars. The crescents are prominent and do not
disappear during wear. Only shallow alveolus after the M3 is present in the described
specimens. The upper cheek teeth have two buccal roots. The p3 is bilobate. The m3 forms
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a single conid (it is rarely absent). The hypoconulids are present and are closing into lakes
during wear. The lingual dental bridges are absent. The lower cheek teeth are double rooted.
Comments. Viret (1929) diagnosis for Amphilagus was the dental formula: P3/2,
M2/3, strongly reduced m3 in comparison to Ochotona (Lagomys sensu Viret 1929) and
the structures of the folds of the p3. Tobien (1974) proposed that the diagnostic dental
formula should be I2/1, C0/0, P3/2, M2(3)/3, rooted premolars and molars, p3 with deep
hypoflexus which closes lingually forming an inside ‘lake’, large hypoconlulids of the
lower p3–m2, and the presence of crecents even in late wear stages. Erbajeva (2013) and
Erbajeva et al. (2016) created four lagomorph species from Mongolia within the previously
known only from Europe genus Amphilagus: ‘Amphilagus’ orientalis Erbajeva, 2013,
‘Amphilagus plicadentis’ Erbajeva, 2013, ‘Amphilagus’ magnus Erbajeva, 2013 and
Amphilagus tomidai Erbajeva et al., 2016 without any explanation. Then, in another work,
Erbajeva and Daxner-Höck (2014) presented a diagnosis for Amphilagus, as follows: (1)
semihypsodont teeth; (2) two small roots on each side of a single bigger internal root of the
upper cheek teeth; (3) P2 with two anterior folds; (4) P3 with deep paraflexus filled with
cementum and shallow external fold without cement; (5) variable shape of the p3; (6) lower
cheek teeth with two roots; (7) trigonid wider than the rounded talonid; (8) presence of the
hypoconuld in the talonid of juveniles. In the same work, all those features agree with the
diagnosis for Desmatolagus presented there (Erbajeva and Daxner-Höck 2014), thus the
diagnoses are not informative and differential. Due to the the fact, that the Asian
‘Amphilagus’ species do not present all diagnostic characters of the genus Amphilagus
proposed by Tobien (1974), their referral to the genus Amphilagus is questionable. In the
phylogenetic tree provided herein, ‘Amphilagus’ ulmensis Tobien 1974, ‘Amphilagus’
magnus, and ‘Amphilagus’ orientalis are nested together, separately from Amphilagus
antiquus and Amphilagus wuttkei, indicating that they represent a new, separate genus.
Type species. Amphilagus antiquus Pomel, 1853.
Species included. Amphilagus antiquus Pomel, 1853; Amphilagus wuttkei Mörs
and Kalthoff, 2010.

Species: Amphilagus antiquus Pomel, 1853
Type specimen. FL No. 4517a, incomplete lower jaw with the p3–m2 (lectotype).
Dental characteristics. Smaller than Amphilagus wuttkei and in contrast to
‘Amphilagus’ ulmensis and ‘Amphilagus’ magnus, the p3 lacks the cingulum. The trigonid
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of the p3 contacts the talonid lingually during wear, distinguishing Amphilagus antiquus
from all other Amphilagus species.
Age. Late Oligocene.
Type horizon and locality. Coderet, near Bransat, Allier, France.
Other horizons and localities. France, Germany, and Switzerland (Tobien 1974;
Fostowicz-Frelik 2016).
Comments. The specimens described by Pomel (1853) are impossible to identify,
therefore Tobien (1974) designed as a lectotype a specimen described earlier by Viret
(1929). With Amphilagus antiquus there cooccurred the larger Amphilagus wuttkei (Mörs
and Kalthoff 2010), however, Fostowicz-Frelik (2016) argued that the Amphilagus
antiquus specimens do not differ in size from Amphilagus wuttkei, suggesting that they are
conspecific. The phylogenetic analysis provided herein shows that indeed both taxa are
closely related, but Amphilagus wuttkei has the posterior mental foramen placed under the
p4, not further back, under the m2, like in Amphilagus antiquus.
Genus: Eurolagus López Martínez, 1977
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M2/3. Cheek teeth are
semihypsodont. The P2 is trilobate. The P3 is nonmolariform, but the P4 is semimolarized.
The hypostriae are shallow in the P3 and P4, but deeper in the M2 and M3 (⅓ of the teeth
width). The hypostrial lakes are absent. The crescents are persistent. The P2 has a single
root, but other upper cheek teeth have two buccal roots. The p3 is bilobate with only the
hypoflexid present. The m3 is reduced in size, but composed of two conids. The
hypoconulids are present, and form lakes in late stages of wear. Dental bridges are absent.
The lower cheek teeth have two roots, but the m2 has roots fused with a single pulp cavity.
Comments. Eurolagus fontannesi was originally described as ‘Amphilagus’
fontannesi. López Martínez (1977) distinguished it from other Amphilagus species based
on less developed hypsodonty, bilobate m3, and shape of the p3. The genus Eurolagus was
considered either an ochotonid (López Martínez 1989), leporid (Bendukidze et al. 2009),
or a member of Palaeolagidae (Fostowicz-Frelik et al. 2012a). Eurolagus is currently
monospecific.
Type species. Amphilagus fontannesi Depéret, 1887.
Species: Eurolagus fontannesi (Depéret, 1887)
Abbreviated synonymy.

Amphilagus fontannesi Depéret, 1887
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Lagodus fontannesi (Depéret, 1887)
Titanomys fontannesi (Major, 1899).
Type specimen. ML LGr 169, maxilla with P4 and M2.
Dental characteristics. As for the genus.
Age. late middle Miocene–late Miocene (Fostowicz-Frelik et al. 2012a).
Type horizon and locality. La Grive, Saint–Alban, Isére, France.
Other horizons and localities. Miocene of Germany (Tobien 1974; Bernor et al.
2004); Romania (Hír and Venczel 2005); France (Agustí and Gibert 1982; Hír and Venczel
2005; Ménouret and Mein 2008); Spain (Tobien 1974); Poland (Tobien 1974; FostowiczFrelik et al. 2012a), and probably Austria (Angelone et al. 2014).
Comments. Eurolagus fontannesi was supposed to be a marker for the European
land mammal ages: MN7/8 (middle Miocene) (López Martínez 1989; Angelone 2008).
Fostowicz-Frelik et al. (2012a) concluded that the temporal range of Eurolagus fontannesi
is MN?5–MN10 (late middle Miocene–late Miocene).

Genus: Titanomys Meyer, 1843
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M(3)/(3). Semihypsodont
or hypsodont teeth. The P2 is trilobate. The P3 is non–molarized. The P4 is semimolarized.
The M1 is the biggest upper tooth. The hypoflexids are shallow, up to ¼ of the teeth width
and do not form lakes. The crescents are well-developed. The M3 is mostly marked as a
shallow alveoli or entirely absent. The upper cheek teeth have double buccal roots, but in
molars the roots are either delicate or the upper cheek teeth are rootless. The p3 is bilobate,
the trigonid connects with the talonid lingually in later wear stages. The m3 is absent in
most of the individuals. The hypoconulids are present and during wear they close, forming
lakes. The lingual dental bridges are absent. The lower cheek teeth have single roots.
Comments. Tobien (Tobien 1975) proposed that in the Miocene of Europe there
were four evolutionary ochotonid groups with unclear interrelationships: (1) the Lagopsis
group (including Lagopsis spp.); (2) the Amphilagus group (including Amphilagus and
Eurolagus); (3) the Titanomys group (including only Titanomys) and (4) the Prolagus
group (including Piezodus, Ptychoprolagus, and Prolagus). López Martínez (2001)
proposed that the groups excluding Lagopsis had a common ancestor. Hordijk (2010)
proposed that Titanomys gave rise to Lagopsis. Fostowicz-Frelik et al. (2012a), on the other
hand, suggested that the groups were not closely related.
Type species. Titanomys visenoviensis Meyer, 1843.
362

Appendix A

Species included. Titanomys calmaensis Tobien, 1974; Titanomys visenoviensis
Meyer, 1843.

Species: Titanomys visenoviensis Meyer, 1843
Abbreviated synonymy.

Lagodus picoides Pomel, 1853
Titanomys trilobus Gervais, 1859
Titanomys parvulus Schlosser, 1884.

Type specimen. SMF 3252, right p3 (lectotype).
Dental characteristics. Upper cheek teeth with roots, in contrast to Titanomys
calmensis.
Age. Early Miocene.
Type horizon and locality. Weisenau near Mainz, Germany.
Other horizons and localities. Germany, Austria, France, Switzerland (Tobien
1974; Álvarez-Sierra et al. 1991).
Comments. None of the Titanomys visenoviensis material from Weisenau studied
by Meyer (1843) can be matched to the drawings presented there. Therefore, Tobien (1974)
created a lectotype from other material found in the type locality for this species. Titanomys
visenoviensis co-occurred with Amphilagus antiquus.

Genus: Piezodus Viret, 1929
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M2/2. The P2 is trilobate.
The P3 is non-molarized, the P4 is semimolarized. The P4 is the biggest upper tooth. The
hypostriae are about ¼ of the teeth width, never form lakes. The crescent is well developed
and is not reduced during wear. The M3 is absent. The upper cheek teeth have two buccal
roots which are either separate from the main root or fused to it. The p3 is bilobate, but
with separated anteroconid. The m3 is absent. The hypoconulids are present, but close
during wear. The lingual dental bridges are absent. The lower cheek teeth have single roots.
Comments. Piezodus is widely regarded as the ancestor of the Prolagus lineage
(López Martínez 1974, 2001; Tobien 1975). The presence of a separate anteroconid clearly
distinguished it from the other European stem Lagomorpha and resembles Prolagus spp.
Type species. Piezodus branssatensis Viret, 1929.
Species included. Piezodus branssatensis Viret, 1929.

Species: Piezodus branssatensis Viret, 1929
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Type specimen. Incomplete right jaw with the p3–m2 (lectotype), without catalog
number, figured in Viret (1929), pl. 29, fig. 17a–b and text-fig. 14a, p. 95. Housed in Lyon
Faculte des Sciences, Departement des Sciences da le Terre.
Dental characteristics. The upper cheek teeth have buccal roots, in contrast to
‘Piezodus’ tomerdingensis.
Age. Late Oligocene.
Type horizon and locality. Bransat, France.
Other horizons and localities. Coderet, Peublanc in France; Herrlingen near Ulm
and Gross-Karben in Germany (Tobien 1975).

Genus: Prolagus Pomel, 1853
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M2/2. The cheek teeth
are hypsodont. The P2 is trilobate. The P3 is non-molarized and the P4 is molarized. The
P3 is the biggest tooth. The hypostriae are deep, around half of the tooth width. The
crescents (enamel fossettes) are present in the P4, but in the M1-M2 can be either persistent
or reduced with wear. The M3 is absent. The p3 can be bilobate or irregular with a separate
anteroconid. The m3 is always absent. The M2 has a third conid. The hypoconulids and
lingual dental bridges are absent.
Type species. Lagomys sansaniensis Lartet, 1851.
Species included. Prolagus aguilari López-Martínez, 1997; Prolagus apricenicus
Mazza, 1987; Prolagus bilobus Heller, 1936; Prolagus calpensis Major, 1905; Prolagus
caucasicus Averianov and Tesakov, 1998; Prolagus crusafonti López Martínez, 1975 (in
López Martínez and Thaler 1975); Prolagus depereti López Martínez, 1975 (in López
Martínez and Thaler 1975); Prolagus figaro López Martínez, 1975 (in López Martínez and
Thaler 1975); Prolagus fortis López Martínez and Sesé, 1991 (in Álvarez-Sierra et al.
1991); Prolagus ibericus López Martínez, 1975 (in López Martínez and Thaler 1975);
Prolagus imperialis Mazza, 1987; Prolagus italicus Angelone, 2008; Prolagus
latiuncinatus Angelone et al., 2014; Prolagus lopezmartinezae Hordijk, 2010 Prolagus
major López Martínez, 1977; Prolagus michauxi López Martínez, 1975 (in López Martínez
and Thaler 1975); Prolagus oeningensis (König, 1825); Prolagus osmolskae FostowiczFrelik, 2010; Prolagus pannonicus Angelone et al., 2014; Prolagus praevasconiensis
Ringeade, 1979; Prolagus sardus (Wagner, 1832); ‘Prolagus’ schnaitheimensis Tobien,
1975; Prolagus savagei Berzi, 1967; Prolagus sorbinii Masini, 1989; Prolagus tobieni
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López Martínez, 1977; Prolagus vargasensis Hordijk and van der Meulen, 2010; Prolagus
vasconiensis Viret, 1930 (in Roman and Viret 1930).
Species: Prolagus oeningensis (König, 1825)
Abbreviated synonymy.

Anoema oeningensis König, 1825
Lagomys meyeri Meyer, 1845
Prolagus meyeri (Meyer, 1845)
Lagomys sansaniensis Lartet, 1851
Prolagus sansaniensis (Lartet, 1851)
Myolagus meyeri (Hensel 1856).

Type specimen. Skull and jaw with incomplete postcranial skeleton, fig 2., pic. 3
in Meyer (1845)
Dental characteristics. Small species with wide p3, crochet wider than long
present in 80% of the population. Well-developed crescent is present in the P4 and reduced
in the M1–M2.
Age. Middle Miocene.
Type horizon and locality. Oeningen, Germany.
Other horizons and localities. France, Spain, Germany, Switzerland, Austria,
Hungary, Romania, and Turkey (López Martínez 1989; Angelone and Sesé 2009; Angelone
and Čermák 2015).
Comments: The hypodigm of Prolagus oeningensis show high level of
polymorphism which may be attributed to their geographical occurrence and time range.
Several recent reviews of the material shows that the material of Prolagus oeningensis
contains distinct species. (Hordijk and van der Meulen 2010; Angelone and Čermák 2015).

Species: Prolagus vasconiensis Viret, 1930 (in Roman and Viret, 1930)
Type specimen. Two P3, figured in Roman and Viret (1930), fig. 7A–B and in
Roman and Viret (1934), fig. 8A–B. Deposed in the Department of Earth Sciences in Lyon.
Dental characteristics. The p3 triangular in shape, bilobate with separate
anteroloph. The M1–M2 with prominent crescents.
Age. Early Miocene.
Type horizon and locality. Sands from Estrepouy, Gers, France.
Other horizons and localities. Germany (Tobien 1975) and Spain (Álvarez-Sierra
et al. 1991).
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Comments. Alvarez Sierra et al. (1991) distinguished the subspecies Prolagus
vasconiensis fortis, differing from Prolagus vasconiensis only in its bigger size. However,
other authors separate the bigger Spanish subspecies into separate species Prolagus fortis
(Hordijk 2010).

Species: Prolagus sardus (Wagner, 1829)
Abbreviated synonymy.

Lagomys corsicanus Wagner, 1829
Lagomys sardus fossilis Wagner, 1832
Myolagus sardus (Hensel, 1856).

Type specimen. Skulls drawn by Cuvier (1812).
Dental characteristics. The largest representative of the genus Prolagus.
Age. Pleistocene–Holocene.
Type horizon and locality. Corsica (Cuvier 1812).
Other horizons and localities. Corsica and Sardinia (Tobien 1935).
Comments. The fossils of Prolagus sardus were reported from Corsica since 1807
(Cuvier 1812). Numerous fossils found in Corsica and Sardinia breccia were reported by
(Cuvier 1812; Wagner 1829, 1832). The species was initially assigned to Lagomys (=
Ochotona), because of its overall similarity to the representatives of that genus: flat skull
and reduced distal tooth in the upper and lower teeth row. The name Lagomys corsicanus
was believed to be established by Cuvier (1812) , as pointed by Wagner (1832) Lortet
(1872) , however, while he indeed described a new fossil ‘rodent’ from Corsica and
Sardinia similar to pikas, he did not propose the new specific name. The name for the first
time appeared in (Wagner 1829). Finally, Major (1899) pointed to the similarities between
the Sardinian pika and Prolagus oeningensis and moved it into Prolagus. Prolagus sardus
was the last represetiatve of Prolagus spp., and become extinct in during the Roman times
(Vigne et al. 1997; Wilkens 2000).

Species: Prolagus bilobus Heller, 1936
Type specimen. SMF 1996/136, left p3 (lectotype).
Dental characteristics. Large p3 with large crochet, quadrangular metaconid, and
triangular indented anteroconid vertically aligned with the entoconid.
Age. Early/?Late Pliocene.
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Type horizon and locality. Gundersheim (probably Gundersheim-1), RheinlandPfalz (Čermák and Angelone 2012) in Germany.
Other horizons and localities. Species: Prolagus crusafonti López Martínez, 1975 (in López Martínez and
Thaler 1975)
Type specimen. IPS-L-1, the left mandible with complete dentition.
Dental characteristics. The anteroconid of the p3 similar in size to the metaconid.
Crescents are present only in the P4, not in the M1–M2. The lingual lobe of the p3 slightly
curved.
Age. Late Miocene.
Type horizon and locality. Lower Vallesiense, Can Ponsic, Spain.
Other horizons and localities. Spain, France, and Greece (López Martínez 1989),
and probably Austria (Angelone and Veitschegger 2015).

Genus: Ptychoprolagus Tobien, 1975
Dental characteristics. Dental formula: I2/?, C0/0, P3/?, M2/?. Cheek teeth
hypsodont. The P2 is trilobate. The P3 is unmolarized, the P4 is molarized. The P4 and the
M1 are the biggest upper teeth. The hypostriae are shallow, around ⅓ of the teeth width.
Crescents are large in the P4–M2. The M3 is unknown. The p4 does not have the
hypoconulids and lingual dental bridges.
Comments. Tobien (Tobien 1975) suggested that Ptychoprolagus is a member of
Ochotonidae, but closely related to Prolagus.
Type species. Ptychoprolagus forsthartensis Tobien, 1975.
Species included. Ptychoprolagus forsthartensis Tobien, 1975.

Species: Ptychoprolagus forsthartensis Tobien, 1975
Type specimen. SNSB–BSPG 1959 XXVII 3, right isolated P4.
Dental characteristics. The crescents have stronger crenulations than in Prolagus
spp.
Age. Lower Miocene.
Type horizon and locality. Forsthart, NW Aidenbach, Niederbayerns, Germany.
Other horizons and localities. -
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Comments. The crescents have pronounced crenulations which are not present in
Prolagus spp., in which the crescents may also be prominent (as in, e.g., ‘Prolagus’
schnaitheimensis; Figure A5) but always without crenulations. Tobien (Tobien 1975)
suggested that Ptychoprolagus belonged to the Prolagus group, together with Piezodus.
However, Hordijk (2010) proposed, that Ptychoprolagus may be the descendant of
‘Prolagus’ schnaitheimensis.

Figure A5. The P4 of A. Ptychoprolagus forsthartensis showing pronounced crenulations of the crescentic valley and B.
‘Prolagus’ schnaitheimensis showing pronounced crescentic valley without crenulations.

Genus: Lagopsis Schlosser, 1884
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M2/3. Cheek teeth are
hypsodont. The P2 is trilobate. The P3 is unmolarized, the P4 is molarized. The hypostriae
are deep. The crescents are absent. The p3 anteroconid is connected to the protoconid, also
the metaconid can connect them, but may also be isolated. The m3 is a single conid. The
hypoconulids and lingual dental bridges are absent.
Comments. Lagopsis and Prolagus are the most common lagomorphs found in the
middle Miocene of West-central and Southwestern Europe (van der Meulen and Daams
1992; Hordijk 2010). Lagopsis is a member of the Ochotonidae (Erbajeva 1988; Hordijk
2010), it is the type genus of the subfamily ‘Lagopsinae’ (Averianov 2000). However, more
often Lagopsis is classified without the subfamily ranks (McKenna 1982; López Martínez
1989; Hordijk 2010) than within Lagopsinae (Čermák 2016), because the features in the
diagnosis provided by Averianov (2000) do not apply to all genera included in the
‘Lagopsinae’ (see further).
Type species. Lagomys verus Hensel, 1856.
Species included. Lagopsis cadeoti (Roman and Viret, 1930); Lagopsis penai
(Royo Gómez, 1928); Lagopsis verus (Hensel, 1856).
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Species: Lagopsis verus (Hensel, 1856)
Abbreviated synonymy.

Lagomys verus Hensel, 1856
Titanomys oeningensis Meyer, 1870

Type specimen. Right jaw with the p4–m2 figured in (Hensel 1856) plate 16, fig.
13.
Dental characteristics. Characterized by the absence of a distinct anteroflexid in
the anteroconid of the p3. The metaconid of the p3 is short and wide. The molars are more
robust and the anteroconid is better developed than in other Lagopsis species.
Age. Middle Miocene
Type horizon and locality. Swabian Jura, Germany.
Other horizons and localities. Germany, Spain, Switzerland, France (López
Martínez 1989; Hordijk 2010).
Comments. The larger Lagopsis species from Petersbuch 6 and 18 in Germany was
reported as a possibly new species (Bolliger and Rummel 1994). However, as noticed by
Hordijk (2010), those individuals are similar in size to Lagopsis verus from Spain and the
comparison of the material shows no differences. Lagopsis verus from Petersbuch 6 and 18
is included in the morphometric analysis.

Genus: Alloptox Dawson, 1961
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M2/3. The cheek teeth
are hypsodont. The P2 is trilobate. The P3 is unmolarized. The P4–M2 are of similar size,
fully moralized with deep hypostriae and no crescents. The anteroloph of the p3 is
connected to the metalophid, the distinction between these two structures is not clear. The
m3 is a single conid. The p4–m2 do not have the hypoconulids and lingual dental bridges.
Comments. Young (1932) described new ochotonid material from Tung Gur (Inner
Mongolia) as Ochotona gobiensis. Nonetheless, Dawson (1961) considered it as a new
genus, Alloptox. The lower jaws of Ochotona gobiensis were described by Gureev (Gureev
1964), who moved the species to the genus Paludotona Dawson 1959 as Paludotona
gobiensis Gureev 1964, because of their similarity to the mandibles of Paludotona etruria.
However, later studies showed that those jaws are distinct from Paludotona, therefore they
are now classified as Alloptox again (Erbajeva 1988).
Type species. Ochotona gobiensis Young, 1932.
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Species included. Alloptox anatoliensis Ünay and Sen, 1976; Alloptox
chinghaiensis Qiu et al., 1981; Alloptox gobiensis (Young, 1932); Alloptox guangheensis
Cao et al., 1990; Alloptox japonicus Tomida, 2012; Alloptox katinkae Angelone and Hír,
2012; Alloptox minor Li, 1987; Alloptox sihongensis Wu, 1995; Alloptox xichuanensis Liu
and Zheng, 1997.

Species: Alloptox gobiensis (Young, 1932)
Abbreviated synonymy.

Ochotona gobiensis Young, 1932
Paludotona gobiensis Gureev, 1964.

Type specimen. Without a number; crushed skull, both mandibles, and fragmentary
limb bones (Young 1932), pp. 255.
Dental characteristics. Anterior margin of the p3 is straight with two distinct
depressions. The external flexid is deep, but the internal has different depth.
Age. Late middle Miocene.
Type horizon and locality. Tunggur Formation, Tairum Nor, Inner Mongolia,
China.
Other horizons and localities. Mongolia (Erbajeva and Daxner-Höck 2014) and
China (Wu 2003).
Comments. Tobien (Tobien 1975) described Alloptox cf. gobiensis from the
Miocene of Turkey, later redefined as Alloptox anatoliensis (Ünay and Sen 1976). Dawson
(1961) wrote that the type specimen of Alloptox gobiensis described by Young (1932) is
lost. Despite that, she did not establish the neotype. In later works, e.g., Sen (1990) pointed
out the material described by Young (1932) as the type, but did not explicitly state whether
this material had been found.

Genus: Austrolagomys Stromer, 1926
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M2/3. Cheek teeth
hypsodont. The P2 is small and oval. The P3 is nonmolariform, the P4 is fully molarized.
The P3–M1 have similar sizes. The hypostria reaches around 2/3 of the P4 and M1 width
and is deeper in the M2. No hypostrial lakes or crescents appear on the teeth. The p3 is
rectangular. The m3 is a single conid. The hypoconulids and dental bridges are absent.
Comments. Mein and Pickford (2003) proposed Kenyalagomys MacInnes, 1953
known from the Miocene of Kenya and Namibia as a junior synonym of Austrolagomys.
Type species. Austrolagomys inexpectatus Stromer, 1926.
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Species

included.

Austrolagomys

hendrey

Mein

and

Pickford,

2003;

Austrolagomys inexpectatus Stromer, 1926.

Species: Austrolagomys inexpectatus Stromer, 1926
Abbreviated synonymy.

Austrolagomys simpsoni Hopwood, 1929.

Type specimen. SNSB-BSPG 1926 X 14, incomplete skull with both mandibles.
Dental characteristics. The p3 with shallow anteroflexid and greater width relative
to the length of the p3 (Mein and Pickford 2008).
Age. Early Miocene
Type horizon and locality. Elisabethfeld, Namibia.
Other horizons and localities. Grillental, Lagental in Namibia (Mein and Pickford
2008).
Comments. Described by Hopwood (1929), Austrolagomys simpsoni was later
concluded to be a synonym of Austrolagomys inexpectatus (Mein and Pickford 2003,
2008).

Genus: Bellatona Dawson, 1961
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M2/3. All cheek teeth are
hypsodont. The P2 is bilobate. The P3 is nonmolariform, the P4 is fully molarized. The P4–
M2 are similar in size. The hypostriae are deep on the P4–M2. No hypostrial lakes or
crecents appear on the teeth. The p3 is rectangular. The m3 is present as a single column.
The hypoconulids and dental bridges are absent.
Comments. Dawson (1961) assigned Bellatona as a representative of Ochotonidae,
and later authors followed this classification (Erbajeva 1988; Zhou 1988; Erbajeva and
Daxner-Höck 2014). This classification is supported by the fact that Bellatona shares the
general pattern of the upper and lower teeth with Ochotona (Dawson 1961).
Type species. Bellatona forsythmajori Dawson, 1961.
Species

included.

Bellatona

kazakhstanica

Erbajeva,

1988;

Bellatona

forsythmajori Dawson, 1961; Bellatona yanghuensis Zhou, 1988.

Species: Bellatona forsythmajori Dawson, 1961
Type specimen. AMNH 26770, right jaw with the p3–m1.
Dental characteristics. In contrast to Bellatona kazakhstanica, Bellatona
forsythmajori has longer anteroloph of the P3, deeper hypostriae of the P4–M2, and shorter
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trigonid of the p3. Moreover, the anterior margins of the P2 and the p3 have a fold and the
M2 has a posterior process, what distinguishes Bellatona forsythmajori from Bellatona
yanghuensis.
Age. Late Miocene.
Type horizon and locality. Tairum Nor Basin, Inner Mongolia, China.
Other horizons and localities. Uncheltseg, Hotuliin Teeg in Uvurkhangai Aimag,
Mongolia (Erbajeva and Daxner-Höck 2014).
Comments. The diagnosis provided by Erbajeva (1988) for Bellatona
kazakhstanica from the Akzharsky Formation, Ashutas, Kazakhstan is, as follows: (1) short
anteroloph of the P3, less than half of the teeth width; (2) p3 1.34 mm in length; (3) trigonid
of the p4–m2 wider than the talonid. It is also noted in the description that the hypostriae
are deep: up to 2/3 of the teeth width for the P4, more than 2/3 in the M1, and in the M2
the hypoflexus reaches the buccal margin of the tooth. However, in later works Erbajeva
and Daxner-Höck (2014) classified teeth from Mongolia as Bellatona cf. kazakhstanica
describing them as having a long anteroloph of the P3, more than half of the tooth width
and with short hypostriae (except the M1). The material described as Bellatona cf.
kazakhstanica from Mongolia in Erbajeva and Daxner-Höck (2014) bears all the diagnostic
features for Bellatona forsythmajori (Dawson 1961). Similar to it, the P3 has the anteroloph
longer than half of the teeth width, deep hypostriae, and the trigonid slightly longer than
the talonid, but equal in width. Thus, the material described by Erbajeva and Daxner-Höck
(2014) as Bellatona cf. kazakhstanica is herein considered to represent Bellatona
forsythmajori.

Species: Bellatona yanghuensis Zhou, 1988
Type specimen. IVPP V5247, incomplete skull with the left mandible.
Dental characteristics. In contrast to Bellatona forsythmajori, the P2 of Bellatona
yanghuensis lacks the anterior fold, the M2 does not have the posterior process, and the P3
does not have a fold on the trigonid. However, the anteroloph of the P3 is long and the
hypostriae of the P4–M2 are deep, similar to those of Bellatona forsythmajori, but in
contrast to Bellatona kazakhstanica.
Age. Middle Miocene.
Type horizon and locality. Yanghu, Xinzhou, Shanxi Province, China.
Other horizons and localities. Unkheltseg, Uvurkhangai Aimag, Mongolia
(Erbajeva and Daxner-Höck 2014).
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Genus: Bohlinotona de Muizon, 1977
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M3/3. The cheek teeth
are semihypsodont. The P2 is trilobate. The P3 is nonmolariform, The P4 is fully molarized.
The hypostriae are very shallow or absent. The hypostrial lakes are present, but quickly
vanish during wear, as does the crescent. The M3 is a single column. The P2 has a single
root, other upper cheek teeth have rudimentary roots. The p3 is rectangular. The m3 is
composed of a single rounded column. Dental bridges and hypoconulids are absent. The
lower cheek teeth (p4–m2) have two roots.
Comments. Initially, Bohlinotona pusilla was described as a new Desmatolagus
species (Desmatolagus pusillus (Teilhard de Chardin 1926)). It was classified as such,
because its P2, M3, p3, and m3 are reduced, what was considered diagnostic for
Desmatolagus (Matthew and Granger 1923) at that time. Sych (1975) considered
Desmatolagus pusillus to be an ontogenetical stage of Desmatolagus gobiensis. However,
de Muizon (1977) moved Desmatolagus pusillus into a new genus, creating a new
combination Bohlinotona pusilla. He pointed out that the teeth of Bohlinotona pusilla are
more hypsodont than in Desmatolagus species, the M3 is composed of a single column,
and the lower cheek teeth lack the hypoconulid. On the other hand, Huang (1987), after a
study of 230 fossils of Bohlinotona pusilla, concluded that it is rather a species of
Desmatolagus, mainly because it follows the pattern of wear changes described by (Sych
1975) for Desmatolagus and allowing a division into four wear groups. This Sych group
distinction is based on the appearance and reduction of the hypostria and thus can be also
applied to, e.g., Palaeolagus species. Therefore, the features pointed out by (de Muizon
1977) clearly differentiate Bohlinotona pusilla from Desmatolagus species. Erbajeva and
Sen (1998) and Erbajeva and Daxner-Höck (2014)added even more features distinguishing
these two genera, such as: reduced roots of the upper cheek teeth, flat anterior margin of
the p3, rounded labial border of the talonid, and sharp buccal margin of the trigonid of the
p4–m2.
Teilhard de Chardin (1926) classified Desmatolagus as a member of Glires, with
similar teeth formula to Leporidae. Later de Muizon (1977) considered Bohlinotona to be
an ochotonid in the subfamily Lagomyinae. Several authors (Huang 1987; Erbajeva and
Sen 1998; Erbajeva and Daxner-Höck 2014) also classified Bohlinotona as a member of
Ochotonidae.
Type species. Desmatolagus pusilla Teilhard de Chardin, 1926.
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Species included. Bohlinotona pusilla (Teilhard de Chardin, 1926).

Species: Bohlinotona pusilla (Teilhard de Chardin, 1926)
Abbreviated synonymy.

Desmatolagus pusillus Teilhard de Chardin, 1926.

Type specimen. Teilhard de Chardin (1926) did not design the holotype, he only
described and illustrated several mandibles and maxillae. de Muizon (1977) established
fragmentary maxillae with P3–M2 (N–90–1) as the ‘holotype’, however, it this case it is a
lectotype.
Dental characteristics. As for the genus.
Age. Late Oligocene.
Type horizon and locality. San–tao–ho, Ordos, China.
Other horizons and localities. Ulantatal, Nei Mongol, China (Huang 1987);
Toglorhoi, Taatsin Gol, Unzing Khurem, Del, and Huch Teeg, Valley of Lakes, Mongolia
(Erbajeva and Daxner-Höck 2014).
Comments. Erbajeva and Daxner-Höck (2014) classified the material from
Mongolia as Bohlinotona cf. pusilla. In their opinion, the Mongolian species differs from
the Chinese in more reduced roots, rectangular shape of the p3, and sharp trigonid margin
of the p4–m2.

Genus: Sinolagomys Bohlin, 1937
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M2/3. Cheek teeth are
hypsodont or high-crowned with reduced roots. The P2 is small and oval with a shallow
anterior depression. The P3 is nonmolariform. The P4 is fully molarized. The hypostriae
are deep, in worn teeth up to 2/3 of the teeth width in the P4- M2. The hypostrial lakes and
crescents are absent. The P2 has a single root, other upper cheek teeth have rudimentary
roots or are rootless. The p3 is bilobate. The m3 is composed of a single elliptic column.
The lingual dental bridges and hypoconulids are absent.
Comments. Three species of Sinolagomys were described by Bohlin (1937) and
placed in Duplicidentata. However, a few years later he classified Sinolagomys in the
Ochotonidae, because of similar skull and teeth features (e.g., similar structure of the lower
cheek teeth) (Bohlin 1942a). Gureev (1960), on other hand, classified Sinolagomys as a
representative of Ochotonidae (=Lagomyidae) in the subfamily Sinolagomyinae. Later,
several other authors (de Muizon 1977; Erbajeva 2007; Erbajeva and Daxner-Höck 2014;
Erbajeva et al. 2017) followed this classification.
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Type species. Sinolagomys kansuensis Bohlin, 1937.
Species included. Sinolagomys badamae Erbajeva et al., 2017; Sinolagomys
kansuensis Bohlin, 1937; Sinolagomys major Bohlin, 1937; Sinolagomys pachygnathus Li
and Qui, 1980; Sinolagomys tatalgolicus Gureev, 1960; Sinolagomys ulungurensis Tong,
1989.

Species: Sinolagomys kansuensis Bohlin, 1937
Type specimen. IVPP 429, incomplete maxilla with the P3–M2.
Dental characteristics. The presence of reduced roots and relatively straight tooth
crowns of the cheek teeth differentiate Sinolagomys kansuensis from Sinolagomys major.
Age. Late early Oligocene–early Miocene.
Type horizon and locality. Shargaltein Tal, Gansu, China.
Other horizons and localities. Hsanda Gol, Taatsinn Gol, Tatal Gol, Toglorhoi,
Loh, Huch teeg, Hotuliin Teeg in Mongolia (Erbajeva et al. 2017).

Species: Sinolagomys major Bohlin, 1937
Abbreviated synonymy.

Sinolagomys minor Bohlin, 1937

Sinolagomys gracilis Bohlin, 1942a.
Type specimen. IVPP 830, incomplete maxilla with the P3–M1.
Dental characteristics. Fully hypsodont teeth without roots and curved upper
cheek teeth differentiate Sinolagomys major from Sinolagomys kansuensis.
Age. Late early Oligocene–early Miocene.
Type horizon and locality. Shargaltein Tal, Gansu, China.
Other horizons and localities. Ikh Argalatyn Nuruu, Tatal Gol, Toglorhoi, Loh,
Huch teeg, Hotuliin Teeg, Uncheltseg, Mongolia (Erbajeva et al. 2017).
Comments. Sinolagomys major and Sinolagomys minor were described by Bohlin
(1937). Subsequently, (Bohlin 1942a) decided that the material of Sinolagomys minor is
doubtful, concluded that this species is a nomen dubium, and instead named another
species, Sinolagomys gracilis (Bohlin 1942a). The type specimens were found in the same
locality. (Bohlin 1937, 1942a) distinguished those taxa mainly considering their size, but
in the case of Sinolagomys minor he noticed that the width of the talonid is similar to the
width of the trigonid. Such differences can be explained by intraspecific variability, e.g.,
observed in the database of the recent Lagomorpha individuals included in this work:
juvenile Lepus nigricollis (ZMB_Mam_11348) or Lepus brachyurus (ZMB_Mam_81491)
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have the width of the trigonid similar to the talonid, and with age the trigonid of both species
becomes wider than the talonid.
However, Erbajeva et al. (2017) followed by Bohlin (1937, 1942a), emended the
diagnoses for four Sinolagomys species and also added a new one. It is noteworthy that still
the features distinguishing Sinolagomys major from Sinolagomys gracilis were restricted
to the size of the teeth, which may be simply wear dependent. In both species the cheek
teeth are fully hypsodont, the p3 is rectangular (the depth of the anterior fold of the p3 may
vary in Sinolagomys, as also noticed by Erbajeva et al. (2017), and it is filled by cement.
Taking into account that the width of the talonid in comparison to the trigonid is dependent
on the wear stage, herein Sinolagomys gracilis is considered a junior subjective synonym
of Sinolagomys major.

Genus: Ochotona Link, 1795
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M2/3. Cheek teeth are
hypsodont. The P2 is bilobate. The P3 is nonmolariform. The P4 is fully molarized. The
P4–M2 are similar in size. The hypostriae are deep. The hypostrial lakes and crescents are
absent. The M2 has a small third lobe. The p3 is trilobate. The m3 is a single conid. The
lingual dental bridges and hypoconulids are absent.
Type species. Lepus dauurica Pallas, 1776.
Strictly fossil species: Ochotona antiqua Argyropulo and Pidoplichka, 1939;
Ochotona azerica Gadzhiev and Aliev, 1988 (in Erbajeva 1988); Ochotona bazarovi
Erbajeva, 1988; Ochotona birgerbohlini Averianov, 1998b; Ochotona chowmincheni
Erbajeva et al., 2006; Ochotona dehmi Erbajeva, 2005; Ochotona dodogolica Erbajeva,
1966; Ochotona eximia (Khomenko, 1914); Ochotona filippovi Erbajeva, 1999;Ochotona
gracilis Erbajeva and Zheng, 2005; Ochotona gromovi Erbajeva, 1976; Ochotona
gudrunae Erbajeva et al., 2006; Ochotona guizhongensis Ji et al., 1980; Ochotona gureevi
Erbajeva, 1966; Ochotona horaceki Čermák, 2005; Ochotona intermedia Erbajeva, 1976;
Ochotona kalfense (Lungu, 1981); Ochotona kormosi Fostowicz-Frelik et al., 2010;
Ochotona lagreli Schlosser, 1924; Ochotona lingtaica Erbajeva and Zheng, 2005;
Ochotona magna Erbajeva and Zheng, 2005; Ochotona mediterranensis Suata-Alpaslan,
2009; Ochotona nihewanica Qiu, 1985; Ochotona ozansoyi Sen, 2003; Ochotona
plicodenta Erbajeva and Zheng, 2005; Ochotona polonica Sych, 1980; Ochotona
pseudopusilla Gureev and Schevtschenko, 1964 (in Gureev 1964); Ochotona sibirica
Erbajeva, 1988; Ochotona spanglei Shotwell, 1956; Ochotona tedfordi Erbajeva et al.,
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2006; Ochotona transcaucasica (Vekua et al., 1981); Ochotona ursui Simionescu, 1932;
Ochotona valerotae Erbajeva et al., 2001; Ochotona whartoni Guthrie and Matthews, 1971;
Ochotona youngi Erbajeva and Zheng, 2005; Ochotona zabiensis Fostowicz-Frelik, 2008;
Ochotona zasuchini Erbajeva, 1988; Ochotona zazhigini Erbajeva, 1988; Ochotona zhangi
Erbajeva and Zheng, 2005.

Species: Ochotona lagreli Schlosser, 1924
Type specimen. Not established. Specimens from the type series were figured by
Schlosser (1924): 49; pl. IV, figs. 9–23.
Dental characteristics. Very high mandibular ramus in comparison to other
Ochotona species.
Age. Late Miocene–Early Pliocene.
Type horizon and locality. Ertemte, Inner Mongolia, China.
Other horizons and localities. Harr Obo, Inner Mongolia, China (Fahlbusch et al.
1983).
Comments. Juveniles of Ochotona lagreli described by Schlosser (1924) are
considered now a separate species, Ochotona birgerbohlini Averianov, 1998b.

Species: Ochotona birgerbohlini Averianov, 1998b
Abbreviated synonymy.

Ochotona minor Bohlin, 1942b
Ochotona lagreli minor Bohlin, 1942b.

Type specimen. Mandible figured in Schlosser (1924) pl. IV, fig. 19.
Dental characteristics. Smaller than Ochotona lagreli.
Age. Late Miocene–Early Pliocene.
Type horizon and locality. Ertemte, Inner Mongolia, China.
Other horizons and localities. Harr Obo, Inner Mongolia, China (Fahlbusch et al.
1983).
Comments. From Ertemte and Harr Obo are known upper and lower jaws of two
Ochotona species distinguished by size. Schlosser (1924) considered the smaller Ochotona
a juvenile of Ochotona lagreli. Later, Bohlin (1942b) relegated it into the subspecies level
as Ochotona lagreli minor. However, Fahlbusch et al. (1983) considered Ochotona minor
a separate species, thus creating a junior homonym of Ochotona dauurica (Pallas, 1776)
(Ochotona minor Link, 1795). Averianov (1998) established a new species name for those
fossils: Ochotona birgerbohlini.
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Taxa incertae sedis
Herein, the species of the problematic taxa are considered valid, but their generic
affinity requires a further revision. Based on the result of the phylogenetic analysis, they
likely represent new genera. Since the validity of the species is not questioned, the type
specimens are listed below.
Species: ‘Palaeolagus’ hypsodus Schlaikjer, 1935
Type specimen. MCZ 2889, right maxilla with P3–M2.
Dental characteristics. Teeth more hypsodont than in ‘Palaeolagus’ burkei. The
p3 with shallow anteroexternal groove on the trigonid.
Age. Early Miocene
Type horizon and locality. Harrison Formation, Head of Bear Creek, Wyoming,
U.S.A.
Other horizons and localities. Arikareean, Wyoming, South Dakota, Nebraska,
U.S.A. (Dawson 1958).
Comments. Dawson (1958) suggested that ‘Palaeolagus’ hypsodus may be closely
related to closely related to ‘Palaeolagus’ burkei, however the phylogenetic tree do not
found them as monophyletic. ‘Palaeolagus’ hypsodus is closely related to the Leporidae.
Species: ‘Palaeolagus’ burkei Wood, 1940
Type specimen. AMNH 8704, skull with complete upper dentition.
Dental characteristics. Hypsodont teeth, hypostrial lakes on the P3–M2 persistent.
The crescentic valley on the P3 also persistent, but the crescentic valleys of the P4–M2
disappear quickly during wear. The lingual dental bridges are absent.
Age. Middle to early late Oligocene.
Type horizon and locality. White River Formation (Leptauchenia Beds), Logan
County, Colorado, U.S.A.
Other horizons and localities. Orella Member, Brule Formation, Sioux County
Nebraska and Whitney Member, Brule Formation, Sioux County, Nebraska, U.S.A.
(Dawson 1958).
Comments. The phylogenetic analysis reveals that ‘Paleolagus’ burkei is less
advanced than ‘Palaeolagus’ hypsodus.
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Species: ‘Shamolagus’ franconicus (Hessig and Schmidt-Kittler, 1975)
Abbreviated synonymy.

Titanomys franconicus Hessig and Schmidt-Kittler,

1975.
Type specimen. SNSB–BSPG 1974 XXV 1, left p3.
Dental characteristics. Dental formula: I2/1, C0/0, P3/2, M2/? (M3 is unknown).
Cheek teeth low-crowned. The P2 changes from trilobate to bilobate. The P3 is
nonmolariform, but the P4 is semimolarized. The hypostriae are present, in the molars they
form lakes in late stages of wear. Crescents are present in the P4–M2. The postcingulum is
absent. The P3 with two buccal rootlets located asymmetrically on the shaft and the P4-M2
with two buccal rootlets. The p3 is bilobate, the trigonid is connected to the talonid in the
midline, an additional connection appears buccally later during wear. The m3 is bilobate,
reduced in comparison to the m2. The hypoconulids are present in the p4–m2, not closing
into lakes. The lingual dental bridges are absent. The p4–m2 are double rooted.
Age. Middle Oligocene.
Type horizon and locality. ‘Möhren 19’ near Treuchtlingen in Bavaria.
Other horizons and localities. ‘Möhren 20’ near Treuchtlingen in Bavaria.
Comments. The diagnosis proposed by Hessig and Schmidt-Kittler (1975) is not
very informative. It only pointed out that the cheek teeth are low-crowned and the p3 has a
deep hypoflexid. Later, the same authors decided to move the genus from Titanomys to
Shamolagus because of the well-developed m3 Hessig and Schmidt-Kittler (1976).
However, ‘Shamolagus’ franconicus is clearly different from other Shamolagus species in
the presence of deep hypostriae and large crescents in upper cheek teeth, semimolarized
P3, bilobate p3, talonids with hypoconulids, lack of cingulum, and reduced talonid of the
m3 without the hypoconulid.
All those features ‘Shamolagus’ franconicus shares with the Oligocene–Miocene
European lagomorphs with roots (Amphilagus, Titanomys, Piezodus, and Eurolagus). The
lack of separated anteroconid of the p3 clearly differentiates ‘Shamolagus’ franconicus
from Piezodus. The m3 of ‘Shamolagus’ franconicus is bilobate in contrast to Piezodus
(lack of the m3), Titanomys (either lacking the m3 or having a single column), and
Amphilagus antiquus (single column). From Amphilagus, ‘Shamolagus’ also differs in the
p3 morphology: the trigonid connects to the talonid buccally, not lingually as in
Amphilagus. Bilobate m3 occurs in Eurolagus fontannesi. However, the features of
Eurolagus fontannesi, such as the persistently trilobate P2 and the m2 with fused roots
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distinguish it from ‘Shamolagus’ franconicus. Thus, it certainly represents a separate
genus, which is confirmed by the phylogenetic results obtained herein.
Species: ‘Amphilagus’ ulmensis Tobien, 1974
Abbreviated synonymy.

Titanomys visenoviensis Meyer, 1843 in Schlosser,
1884.

Type specimen. SNSB–BSPG 1881 IX 81, incomplete right jaw with incomplete
p3 and p4–m2.
Dental characteristics. In contrast to Amphilagus antiquus and ‘Amphilagus’
orientalis, the p3 has the cingulum. ‘Amphilagus’ ulmensis can be distinguished from other
Amphilagus species by the presence of a contact of between the trigonid and talonid in the
middle of the width of the p3.
Age. Early Miocene.
Type horizon and locality. Eckingen near Ulm, Germany.
Other horizons and localities. France and Germany (Tobien 1974).
Comments. The phylogenetic analysis provided herein reveals that ‘Amphilagus’
ulmensis is more closely related to the ‘Amphilagus’ spp. from Mongolia than to
Amphilagus antiquus, which is the type species of the genus. ‘Amphilagus’ ulmensis and
‘Amphilagus’ magnus possess the cingulum, similar to ‘Desmatolagus’ simplex and the
‘Desmatolagus’ spp. from the Aral region.
Species: ‘Amphilagus’ magnus Erbajeva, 2013
Abbreviated synonymy.

Amphilagus plicadentis Erbajeva, 2013

Type specimen. NHMW 2011/0211/0001, left dentary with the p3–m2.
Dental characteristics. The presence of a small cingulid on triangular p3
distinguishes ‘Amphilagus’ magnus from ‘Amphilagus’ orientalis. Moreover, the m3 of
‘Amphilagus’ magnus is present as a single column, in contrast to ‘Amphilagus’ orientalis.
The trigonid is much smaller than the talonid of the p3, in contrast to the European species
of Amphilagus.
Age. Early Miocene.
Type horizon and locality. Valley of Lakes, Unkheltseg 0/M locality, central
Mongolia.
Other horizons and localities. Unkheltseg A/3/M, Hotuliin Teeg and Huch Teeg
locality (RHNA/12), Mongolia (Erbajeva 2013; Erbajeva and Daxner-Höck 2014).
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Comments. The diagnostic character of ‘Amphilagus plicadentis’ (plicated
posterior margin of the p3 reentrant) occurs also in bigger representatives of ‘Amphilagus’
magnus (NHMW 2013/0350/0012, the p3 is 1.84 mm wide). Therefore, because the only
one preserved p3 of ‘Amphilagus plicadentis’ is only a bit larger (2.17 mm wide) than the
known ‘Amphilagus’ magnus individuals and both species occur in the same place and
time, it is concluded here that ‘Amphilagus plicadentis’ is a younger subjective synonym
of ‘Amphilagus’ magnus. Moreover, both have the cingulid on the p3, which is diagnostic
for ‘Amphilagus’ magnus.
The cingulum is not only present in the Aral ‘Desmatolagus’ species, Mongolian
‘Desmatolagus’ simplex as noticed by Erbajeva (2013), but also in ‘Amphilagus’ ulmensis.
Species: ‘Amphilagus’ orientalis Erbajeva, 2013
Type specimen. NHMW 2011/0214/0001, left dentary fragment with the p3–m2.
Dental characteristics. In contrast to ‘Amphilagus’ magnus, it lacks the cingulum
on the p3. The p3 is also square-shaped, in contrast to other Amphilagus species. Moreover,
the m3 of ‘Amphilagus’ orientalis is composed of two conids.
Age. Early Miocene.
Type horizon and locality. Valley of Lakes, locality of Hotuliin Teeg east, central
Mongolia.
Other horizons and localities. Unkhelsteg, Lunny Yas, Mongolia (Erbajeva 2013;
Erbajeva and Daxner-Höck 2014).
Comments. ‘Amphilagus’ orientalis occurred with the larger ‘Amphilagus’
magnus.
Species: ‘Piezodus’ tomerdingensis Tobien, 1975
Abbreviated synonymy.

Piezodus branssatensis Viret, 1929 in Tobien 1970.

Type specimen. SMNS 26001, incomplete left maxillae with P2–M1.
Dental characteristics. Higher crowns in comparison to Piezodus branssatensis,
the roots are almost lost.
Age. Early Miocene.
Type horizon and locality. Tomerdingen near Ulm, Germany.
Other horizons and localities. Switzerland, Germany and France (Tobien 1975).
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Species: ‘Prolagus’ schnaitheimensis Tobien, 1975
Type specimen. MUT 1470/7, isolated right p3.
Dental characteristics. The central lobe of the P3 short, the P4 with shallow
hypostria, deep paraflexus and mesoflexus, the hypostriae of the M1–M2 are deeper, up to
half of the tooth width, the crescents of those teeth are well developed. The p3 bilobate
with a separate anteroconid.
Age. Early Miocene.
Type horizon and locality. Karst in Schnaitheim, Germany.
Other horizons and localities. Also in Germany (Tobien 1975).
Comments. The phylogenetic analysis reveals that ‘Prolagus’ schnaitheimensis
does not form a clade with other Prolagus spp. It is instead placed between Piezodus spp.
and Prolagus spp. ‘Prolagus’ schnaitheimensis, similar to Ptychoprolagus forsthartensis,
has a large crescentic valley in the upper molars; however, not crenulated. Hordijk (2010)
proposed that Prolagus’ schnaitheimensis is ancestor to Ptychoprolagus forsthartensis and
together with Prolagus fortis, Prolagus aguilari form a separate Prolagus lieange, which
divereged in the early Miocene. The phylogenetic tree supports this scenario.
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